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ABSTRACT

The Carbon Cycle of a Semi-arid Grass System, Bromus tectorum

By

May Myklebust , Doctor of Philosophy
Utah State University, 2007

Major Professor : Dr. Ronald J. Ryel
Department: Wildland Resources

Understanding the carbon cycle of major ecosystems is important in predicting
feedback responses of the terrestrial biosphere to climate change. Bro mus tectorum
dominated ecosystems currentl y cover 7% of the Great Basin and represents a major land
cover type for the region . This study looked at the carbon cycle of a near monoculture
field of B. tectorum in southeastern Idaho , USA. A major portion of the study was
dedicated to measurement validation because of the disagreement among techniques used
to measure net ecosystem exchange (NEE) of CO2 between the atmosphere and terrestrial
ecosystems . NEE, net photosynthesis, and canopy and soil respiration were quantified for
the B. tectorum stand using multiple methods. This allowed for comparisons among
measurement techniques and permitted the calculation of a best estimate of NEE. The
study found that the eddy covariance technique underestimated NEE at night for the B.
tectorum stand and the magnitude of underestimation increased with increasing leaf area
index of the plant canopy. Annual NEE estimated by eddy covariance for the year 2005

IV

was over four times lower than the best estimate of -80 g C m-2 yr-1 determined by a
combination of methods. Implications are that many studies currently underestimate
NEE and productive systems underestimate NEE more than less productive systems .
(121 pages)

V

ACKNOWLEDGMENTS

This research was funded by the Ecology Center at Utah State University , the
Utah Agricultural Experiment Station and NSF grant DEB-9807097. Thanks very much
to Ron Ryel who gave me the opportunity to study what I was most interested in. Thanks
to both Ron Ryel and Larry Hipps for advice , guidance , insight , and support. Thanks to
all of my committee members , Christopher Neale , Tom Monaco , Scott Jones, Doug
Johnson , and Mike White for their time , effort, and expertise. Thanks to Ron Daigle for
all of the work he put into the project and to Sasha Ivans and Vasile Turcu for technical
advice. Thanks also to Susan Durham for statistical advice.
May Myklebust

Vl

CONTENTS

Page
ABSTRACT .............................................................................. ................................ ......... iii
ACKNOWLEDGMENTS ......................... .......................................................................... v
LIST OF FIGURES ..................................... ................................................................... . viii
CHAPTER
1.

INTRODUCTION ............................................................ ..................... ...... 1
References ........................................................ ........................................ 5

2.

COMPARISION OF EDDY COVARIANCE, CHAMBER, AND
GRADIENT METHODS OF MEASURING SOIL CO2 EFFLUX IN A
SEMI-ARID GRASS, BROMUS TECTORUM ............... .......................... 7
Abstract .................................................................................................... 7
Introduction ............... ..................... .................................... ...................... 8
Materials and methods .............. ............................................................. 11
Soil efflux ................................. ............. ........... ...................................... 14
Results .................................................................................................... 18
Discussion ..................................................................... ......................... 23
Conclusion ......................................................................................... ....32
References .............................................................................................. 33

3.

EFFECTS OF LAI ON AGREEMENT AMONG THREE NEE
MEASUREMENT TECHNIQUES IN A SEMI-ARID GRASS
SYSTEM .................................................................................................... 43
Abstract .................................................................................................. 43
Introduction ............................................................................................ 44
Methods .......... ............................ ........... .................. ...............................46
Measurements ................ ........................... ............................ .................49
Analysis .................................................................................................. 52
Results ................................................................................................ ....57
Discussion ................................................................................ .............. 60
References .............................................................................................. 66

4.

vu
PARTIONING OF AUTOTROPHIC AND HETEROTROPHIC SOIL
RESPIRATION IN A SEMI-ARID GRASS SYSTEM ....................... .....77
Abstract .................................................................................................. 77
Introduction ....................... ................. .................................................... 78
Methods ............................ ......................... .................................. ........... 80
Results .................................................................................................... 88
Discussion ......................................... ..................................................... 91
References ........................ .................................... ........................... .......95

5.

CONCLUSION ............................................................... ......................... 106
References ................... .......................... ............................... ................ 109

CURRICULUM VITAE ........................................................................ .......................... 110

Vlll

LIST OF FIGURES

Figure

Page

1

Turbulence intensity (u*) values for reliable eddy covariance flux measurements
are determined by the range of u* values that are constant average CO2 .. ................. 38

2

Comparisons of EC , CH, and GM during a) summer including a rain event (day
229) and b) winter. EC and GM are compared during c) autumn nights, d) autumn
days, e) spring nights with au* threshold of 0.3 ms- 1 and f) 0.6 ms-1,and g)
nighttime through the growing season with h) corresponding LAI. ...................... 39

3

Day and night comparisons of GM and CH a) through entire year, b,c) during
growing season, and d,e) non-growing season. Open triangles are considered bad
CH points based on poor fit with exponential curve, solid triangles represent
good data .................................. ................................ ........ ............................. .........40

4

Comparison of GM and CH throughout a range of soil efflux rates ; a) annual
course, and b) same data compared for sampling dates of CH .......................... ....41

5

Soil efflux for the 2005 at the site. a) Mean and uncertainty due to temporal
variability and spatial variability. b) time series of standard error for temporal and
spatial variability through year .......... ......... .......................... ................................ .41

6

NEEnightmeasurements by EC during periods when LAI was 0.2 (DOY 90-110)
and -1. 0 (DOY 145-155) plot.. ............................................................................. .42

7

a) Leaf area index estimated by harvested material (open circles and squares) and
in situ by reflected (filled circles) and attenuated radiation (crosses). b) Mean
LAI (filled circles) determined among methods with se represented by bars. Lines
suggest approximate LAI between data points ................. ............... ......................70

8

Time series estimates ofNEE by EC (dashes), CH (circles) , and B (gray lines).
Because of differences in measurement frequency and averaging interval , EC
should show full range of NEE , CH should show diurnal extremes, and B should
show approximately 2-week averages .................... ................................. .............. 71

9

NEE estimates from each method. a) The eddy covariance method (EC) with u*
thresholds of 0.2 (dashes) and 0.6 (open squares). b) The chamber method (CH)
with NEE (open circles), Rsoil (solid lines), and PS and Rcanopy (stars). c) The
biomass method (B) with canopy gas exchange (PSa and Rcanopy) (medium
black line), photosynthesis used for below-ground biomass (PSb) (thick gray
line), PS (thick black line), Rsoil (thin gray line) , and NEE (thin black line) ... .... 72

lX

10

LAI vs. the difference between a) the absolute difference and b) the
proportional difference between CH and EC estimates of NEE . Because nighttime
eddy covariance measurements vary with u*, we used the maximum value over a
five-day period around dates that CH estimates were made ...................... ............73

11

a) NEE estimated by EC (eddy covariance) for the growing season of B. tectorum
and for 2005. PS, Rcanopy, Rsoil and NEE calculated for b) B (biomass) and c)
CH (leaf chamber). Measurement precision in PS and Rcanopy represent ±1 se
and uncertainty in Rsoil is ± 18% of mean . Best estimates of PS, Rcanopy , Rsoil
and NEE using a combination of methods for d) the growing season of Brom us
tectorum and e) the entire year 2005 . NEE is calculated by adding PS, Rcanopy
and Rsoil together according to absolute rank in value ........ .................................74

12

a) Air temperature , b) soil moisture , c) precipitation , and d) LAI measured for the
growing season in 2005 . e) Best time series estimates of PS, Rcanopy and
Rsoil. .......................... ............................................................................................ 75

13

a) Best estimate of PS with air temperature indicates curvilinear response (r2 =
0.2) temperature optimum of about 15 °C for B. tectorum . b) Rsoil with time
shows complex interaction with similar curvilinear response to PS with
temperature optimum around 15°C (r2 = 0.11) and a linear response showing
increase with increasing temperature (r2 = 0.08) ......... ..........................................76

14

a) Average leaf area index (LAI) for B. tectorum during the growing season of
2005. Error bars represent standard error. b) Gross photosynthesis calculated from
Rsoil and NEE measurements through 2005the growing season .... .................... 100

15

Canopy respiration for the growing season ofBromus tectorum in 2005. a)
Calculated respiration due to maintenance (Rmaint) and growth (Rgrowth). b)
Measured canopy respiration using chamber and calculated canopy respiration
(Rmaint + Rgrowth) . ............................................................................................ 101

16

Soil respiration measured (solid line) and modeled heterotrophic respiration
(dashed line) for parts of August and October, 2005, when no autotrophic
respiration was occurring ................ ............................................................. ........ 102

17

Soil respiration measured by automated soil respiration chamber (open circles and
thin line) and the gradient method (solid thick line) for nine days in non-growing
season of2005 ............................................. .......... ............................................... 102

18

Measured soil respiration (solid line) during the 2005 spring growing season
when both autotrophic (dotted line) and heterotrophic respiration (dashed line)
were occurring . ..................................................... ........................ ....................... 103

X

19

Comparison of autotrophic respiration calculated by proportion of
photosynthesis (RAPS) and by residual from measured soil respiration and
modeled heterotrophic respiration (RARH) for the 2005 growing season. Dashed
line is 1:1 line, solid line is regression line ....... .................................................. . 104

20

a) Measured gross photosynthesis , plant respiration , heterotrophic respiration b)
air temperature , and c) soil moisture through the 2005 growing season . ........... .105

CHAPTER 1
INTRODUCTION

The balance of incoming and outgoing radiation determines the amount of energy
on the planet. Atmospheric CO2 decreases transmission of longwave radiation from the
surface, through the atmosphere, to space . Consequently, the increase of atmospheric
CO2 results in a net gain of energy on the Earth and resulting warming of the atmosphere
creates changes in the climates of the Earth. Variations in Earth-sun geometry
(Milankovich, 1920) and geology (Gerhard et al., 2001) can explain some climatic
changes but the rate of these physical changes tend to be very gradual while climate tends
to change abruptly (Severinghaus et al., 1998). These step changes in climate may be in
part related to interactions with the vegetated land surface.
Temperature variability in Europe could not be explained by atmospheric
processes alone but required input of land-atmosphere interactions (Seneviratne et al.,
2006) demonstrating that the land surface feeds back to the atmosphere to influence
climate. In turn , changes in atmospheric properties such as CO 2 concentration,
temperature , and moisture, affect physiological responses in the biosphere. It has been
suggested that increasing CO2 increases the competitive ability of invasive species,
leading to plant community change in an arid system (Smith et al., 2000). This change in
vegetation can result in a change in the seasonal pattern of gas exchange (Prater and
DeLucia, 2006) which affects the atmosphere, and may, subsequently, affect local or
regional climate. In water limited regions, one of these responses may cause a negative
feedback to global warming. Increasing atmospheric CO 2 is expected to increase plant
water use efficiency (CO2 fixed per H2O lost) and cause a net gain in CO 2 uptake (Melillo
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et al., 1993). Greater uptake by plants reduces atmospheric CO 2 and associated
warming . However, there are two major processes involved in net ecosystem exchange
of CO2 (NEE) with the atmosphere, photosynthesis and respiration. Similar to the
response of photosynthesis , soil respiration also tends to increase with increasing
atmospheric CO2 (Pendall et al., 2004) . Therefore , both photosynthesis and respiration
need to be considered to determine ecosystem feedback to climate change.
Physiological responses of ecosystems that cover large portions of land may have
significant feedbacks to climate change . Semi-arid and arid ecosystems cover about a
third of the land surface on Earth . In the American semi-arid West , Bromus tectorum
(cheatgrass) represents one of the major land-cover changes that occurred in the last
century presentl y covering 7% of the Great Basin (Bradley and Mustard , 2005) . It is an
invasive annual grass from Eurasia with a carbon cycle that is different from natives in
several ways. Its invasion may have altered the land surface connections to climate
change. One of these changes includes a lower above-ground standing biomass relative
to a widespread native shrub , Artemisia tridentata (big sagebrush), indicating the above
ground storage of carbon has decreased with vegetation change (Bradley and Mustard,
2005). In addition , there was a suggestion that soil carbon under B . tectorum had a lower
mean residence time (MRT) relative to A. tridentata (Norton et al., 2004). Decreasing
MR T of carbon in the soil decreases the carbon sink strength of an ecosystem (Pendall et
al., 2004). Together, these two changes suggest that with B. tectorum invasion , the
amount of carbon lost to the atmosphere increases and a positive feedback to climate
change occurs. However, physiology suggests the opposite. Poorter et al. (1990) showed
that fast growing species such as B. tectorurn , respire less per unit carbon assimilated
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through photosynthesis (carbon use efficiency) relative to slower growing plants, such
as A. tridentata. Higher assimilation rate and higher carbon use efficiency should confer
greater carbon uptake over a given time interval. While the MRT of soil carbon is shorter
in B. tectorum compared with A. tridentata , B. tectorum litter may have a longer MRT
than that of native grasses (Belnap and Phillips , 2001). Together , high uptake rate, high
carbon use efficiency and moderate MRT suggest the possibility that B. tectorum
invasion increases the amount of CO2 sequestered by the system resulting in a negative
feedback to climate change .
One reason for these conflicting implications of B. tectorum invasion on climate
change is because parts of the carbon cycle are often investigated in isolation and often
from a single point of view . Another complication is that measurements of NEE are in
disagreement with measurements of photos ynthesis and respiration (Davidson et al.,
2002 ; Bolstad et al., 2005) making it difficult to assess whether a system is a source or a
sink for CO2 • The reason for the measurement discrepancy is not easily identified in
most systems because measurement precision decreases with increasing ecosystem
complexity . Because B. tectorum is a very simple system both structurally and
physiologically, measurement precision of fluxes can be high and evaluation of
measurements by comparison can more easily be made .
The importance of the above issues prompted this research project. The overall
goal of my research project was to address carbon fluxes in a B. tectorum community as
well as address some of the more basic issues of uncertainly related to eddy covariance as
an effective method for quantifying carbon exchange in terrestrial ecosystems. Three
objectives were addressed. The first objective of this project was to quantify NEE , net

4
photosynthesis , canopy respiration , root respiration and microbial respiration for one
year in a B. tectorum stand to assess whether it was a source or a sink for CO 2 for that
year and to gain insight into the carbon cycling of the system.
The second objective was to evaluate CO 2 flux estimates from common
measurement techniques so that future studies can be more certain of their measurements
and implications of their findings. Chapters 2 and 3 are presentations of studies
investigating the source of measurement discrepancy by comparing different
measurement methods in a B. tectorum field in southern Idaho. In Chapter 2 different
methods of measuring soil respiration are investigated and compared with NEE
measurements with varying amounts of vegetation cover through the year. In Chapter 3,
soil respiration estimates calculated in chapter 2 are combined with canopy gas exchange
estimates to compare with directly measured NEE . The level of agreement among
measurements was assessed , and the source of measurement disagreement was
investigated during periods of measurement discrepancy.
Even with accurate measurements of fluxes, insight into the mechanisms involved
in the carbon cycle is limited because of the difficulty in separating plant and microbial
processes. Because root and microbial soil respiration are not easily distinguished,
responses of plants and microbes to environmental variation can not be observed
independently and therefore, can not easily be predicted. The third and final objective of
this project was to partition root and microbial respiration to better understand the carbon
cycle of B. tectorum. In Chapter 4, soil respiration is partitioned into root and microbial
respiration by taking advantage of periods with and without plant metabolic activity.
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CHAPTER2
COMPARISON OF EDDY COVARIANCE, CHAMBER, AND GRADIENT
METHODS OF MEASURING SOIL CO2 EFFLUX IN A SEMI-ARID GRASS,
BROMUS TECTORUM

1

Abstract

Eddy covariance measures net ecosystem exchange of CO2 at a scale between
chamber-based measurements of CO2 exchange processes and large-scale models of CO2
flux dynamics. As the intermediate, it represents a link between small-large-scale
estimates of net ecosystem exchange. Accuracy is therefore critical. However, scaled up
measurements of soil and leaf CO2 exchange consistently estimate larger NEE values
than the eddy covariance technique measures. Identifying the source of measurement
discrepancy is difficult due to large measurement uncertainties associated with high
variability of fluxes in complex ecosystems .
This study compares measurements of soil efflux using chambers, the gradient
technique and the eddy covariance method in a simple system dominated by Bromus
tectorum, an annual grass that undergoes complete turnover of canopy within a year.
Results show agreement among measurements in a wide range of conditions during
canopy absence indicating that each measurement technique is fundamentally sound.
Overall, the automated measurements by soil chamber averaged 93% (r2 = 0.71) and
manual soil chamber averaged 105% (r2 = 0.82) of the values measured by gradient
method . We estimated an annual soil efflux for the site of 406 ±73 g C m-2 in 2005.
1

Coauthored by May Myklebust, LE. Hipps, and R.J. Ryel.
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Results also showed disagreement among measurements which indicate specific
limitations with each method. Nighttime eddy covariance measurements were 67% of
gradient measurements when canopy LAI was near maximum. We can find no clear
explanation for this disagreement. However, based on the timing of maximum soil and
canopy respiration during the growing season, there is indication that actual nocturnal
NEE has an earlier maximum than eddy covariance system measures . This suggests that
eddy covariance measurements underestimate nocturnal NEE when LAI is near 1 m 2 m-2
in this system and raises questions about the accuracy of nocturnal eddy covariance
measurements over canopies with similar or higher LAI. We also saw evidence of
apparent uptake of about 3 µmol m-2 s-1 over a non-photosynthesizing surface by the eddy
covariance system in warm but not cold ambient conditions . The chamber method was
apparently incorrect in snow and the gradient method did not reflect surface fluxes during
summer rain. To measure soil efflux in all conditions typical of this site, a combination
of all three methods is recommended .

Introduction

Net ecosystem exchange (NEE) of CO2 between the atmosphere and biosphere is
primarily the difference between photosynthesis and respiration. It is measured by eddy
covariance at a scale of a few hectares to several square kilometers (Baldocchi, 2003 ).
The main processes that make up NEE, soil respiration and leaf gas exchange, are
typically measured at smaller scales by chambers (Long et al., 1996; Davidson et al.,
2002) and scaled-up to match the eddy covariance footprint (Law et al., 1999b; Savage
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and Davidson, 2003 ,). Surprisingly, studies find that chamber-based estimates tend to
be greater than eddy covariance measurements of NEE (Norman et al., 1997; Law et al.
1999b; Janssens et al., 2001; Bolstad et al., 2004), although, it is not certain whether this
is due to lower photosynthesis or higher respiration measurements. Analyses of both the
eddy covariance technique (Loescher et al., 2006) and the soil chamber technique
(Davidson et al., 2002) find no theoretical or technical source of error to explain this
discrepancy. Large uncertainties in NEE estimates occur when scaling up chamber
measurements to the eddy covariance footprint (Bolstad et al. , 2004), but these errors are
random and therefore do not explain how chambers consistently overestimate NEE. Eddy
covariance measmements at night are problematic when the air becomes still. As
turbulence intensity (U•J decreases toward zero, eddy flux measurements become
unreliable . As U• increases , a threshold ma y determine when eddy covariance values
correctly measure nocturnal efflux (Massman and Lee , 2002) . Presently , 80% of
AmeriFlux sites use a site specific

U•

threshold to screen nocturnal eddy covariance data

(Loescher et al., 2006). Nevertheless , measurement discrepancy between chambers and
U•

screened eddy covariance data is still found (Bolstad et al., 2004). Presently , there

exists no satisfactory explanation for the mismatch between chamber and eddy
covariance based estimates.
In contrast to the measurement disagreement found over vegetated surfaces,
studies comparing chamber and NEE measurements over bare soil have shown agreement
using the Bowen ratio technique (Dugas, 1993) and the eddy covariance technique (Reth
et al., 2005). This agreement would suggest that each technique is fundamentally sound
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for a simple soil surface. However, these studies spanned only 4 days in winter and
143 individual measurements over two months in summer, respectively. In the face of so
many studies that have found disagreement between measurements with canopy
presence, more data in a wider range of conditions is necessary to verify that chamber
and eddy covariance measurements agree during canopy absence . If agreement is
consistently found between chamber and eddy covariance estimates over bare soil but not
over a vegetated surface , then it suggests that canop y presence interferes with at least one
of the measurements. It is difficult to imagine how canopy presence can affect soil
chamber measurements but canop y presence may interact with turbulent transport of CO2
at night in such a way as to affect eddy covariance measurements.
A problem with comparing values from two techniques is the difficulty of
determinin g which is correct when the y disagree . One approach is to use three
independent mea surement techniqu es to help identi fy errors in measurements . Soil efflux
can be measured three ways : from gradients of CO 2 in the soil via the gradient method , at
the surface via the chamber method and from eddy covariance measurements above the
canop y within the fully adjusted boundary layer. To gether , the gradient , chamber , and
eddy covariance methods can be used to cross-validate soil efflux measurements.
Agreement between gradient method and chamber has been shown (Tang et al., 2003;
Turcu et al., 2005) , but Liang et al. (2004) found that the gradient method overestimated
values relative to an automated chamber. This discrepancy indicates that further testing
of the gradient method against automated chamber is still required.
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Bromus tectorum is an ideal species on which to compare multi-scale soil
efflux measurements. It is a homogenous and short-stature canopy that meets the
assumptions for eddy covariance measurements (Baldocchi et al., 2003) . It is also suited
for scaling up chamber measurements with minimal uncertainty due to the even age and
size structure of the community (Grossman, 1982). Additionally, it is alive for only four
months of the year which means that we can test whether agreement among chamber and
eddy covariance measurement methods changes with canopy development.
This study will present observations from the eddy covariance (EC), soil chamber
(CH) and gradient methods (GM) to evaluate measurement accuracy and to quantify soil
efflux at the study site for a year. To do this , we will 1) show how soil-based and EC
measurements compare with and without living vegetation, 2) compare CH and GM
measurements of soil respiration in a wide range of conditions through the course of one
year, and 3) quantify annual soil efflux from a B. tectorum field at the scale of the EC
tower.

Materials and methods

Site description
The study site is a 20 ha abandoned agricultural field on the boundary of the
Snake River Plain and Great Basin regions in southwest Idaho at an elevation of 1372 m
(42° 29' 47 .04" N, 113° 24' 59.76" W). The climate is semi-arid with average daily
temperatures ranging from -9.0 to 2.5°C in January and 9.7 to 31.7°C in July and average
annual precipitation of 297.7 mm (Hoare, 2005). The plant community is a near
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monoculture of B. tectorum L. Other species present may cover up to 10% ground
area. They are: Ceratocephala testiculata (Crantz) Bess., Lactuca serriola L., Tragopogon
dubius Scop., Sisymbrium altissimum L., and Salsola tragus L. All species are coldseason annuals except S. tragus, which is a warm-season annual. In 2005, B. tectorum
was physiologically active from February through June and S. altissimum was active
from late spring through July in small patches (less than 10% cover). There were no
physiologicall y active plants from late August through October.
Soils are classified as coarse loamy, mixed , mesic , Xerollic Calciorthids in the
Declo series (Noe and Kukachka , 1994). While coarse material exists below lm depth in
the form of a basaltic lava flow, surface soils are fine grained silt loam of aeolian origin
and a petro-calcic layer is present 0.5m below the surface. Sand, silt, and clay fractions
were 34, 55, and 11% respectively determined using the hydrometer method . There was
2.6% CaCO3 and 1.83% total carbon and 0.16% total nitrogen in the top 10 cm of soil
determined by a LECO Truspec C/N elemental determinator (LECO Corp. , St. Joseph ,
MI, USA) . All soil analyses were done by Utah State University Analytical Laboratories
in Logan, UT, USA .

Environmental measurements

Net radiation was measured with a net radiometer (Kipp & Zonen-NR Lite, Delft,
The Netherlands) mounted on a steel pole 2.0 m above the surface. Soil heat flux plates
(Hukseflux HFP0l, Delft, the Netherlands) measured soil heat flux at 8 cm depth. Two
TCA V thermocouples (Campbell Scientific, Inc., Logan, UT, USA) measured soil
temperature above the Hukseflux plates at 2 and 6 cm depth. Volumetric soil moisture
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(0v (m 3 m-3)) was measured with a CS6 l 6 Soil Moisture Reflectometer (Campbell
Scientific, Inc.) at 5 cm depth and recorded every 30 minutes. These probes need to be
calibrated for some soils (Chandler et al., 2004), but results from tests on soil from the
site showed that there was good agreement (r2 = 0.95) between gravimetricallydetermined water content and the CS616 readings across a wide range of moisture
contents. Photosynthetically active radiation (PAR) was measured with a LI-190SA
Quantam sensor (Li-Cor Inc. , Lincoln , NE, USA). A tipping bucket rain gauge (Texas
Electronics, Dallas, TX, USA) with a snow adapter in winter (Campbell Scientific Inc.)
measured precipitation. All data were recorded with a CR 5000 datalogger (Campbell
Scientific , Inc.). Leaf area index was calculated based on leaf area measurements using
the LAI 3100 (LiCor Inc. Lincoln, NE , USA) on grass clipped from inside six 10-cm
diameter rings in the field on 11 dates 2-4 weeks apart throughout the growing season.

Eddy covariance

Turbulence fluxes of water vapor and CO 2 were determined using the eddy
covariance method (EC) (Baldocchi, 2003). Wind speed in three dimensions was
measured with a CSAT 3D sonic anemometer-thermometer

(Campbell Scientific, Inc.)

and CO 2 density of the air was measured with a LI-7500 open-path gas analyzer (Li-Cor
Inc.). Each instrument was mounted 2 m above the surface on a steel pole and sampled at
10 Hz; 30 minute averages were calculations and used for estimating CO2 exchange.
The fetch was 200-350m depending on wind direction. Flux measurements were
corrected by coordinate rotation (Tanner and Thurtell, 1969; Wilczak et al., 2001),
density effects (Webb et al., 1980), and other various high frequency effects. Data spikes
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and periods correspondin g to precipitation events and winds from behind the
anemometer to the north to north-east were removed . There was an attempt to filter out
low turbulence periods by using a minimum acceptable turbulence intensity (u•). This is
visuall y determining by identifying the point at which CO 2 begins to plateau in a scatter
plot of U• and CO 2 efflux. Our data does not provide a clear

U•

threshold (Figure 1a-c)

however therefore , we could not use this method . Instead we chose a minimum of 0.2
ms- 1 for the non-growing season and 0.6 ms-1 for the growing season. Atmospheric
stability was measured by z/L.

Soil efflux

Chamber method
Soil efflux was measured using the LI-8100 Automated Soil Efflux System (LiCor, Inc.) with a 25.4 cm diameter at one-hour intervals in all seasons at the site. This
method will be referred to as CH through the rest of this paper. The period of time
between chamber contact with soil and start of measurements was 20 seconds . The flow
rate was set to 'medium-high ' to minimize errors due to pressure effects. Fluxes were
calculated by fitting an exponential curve to the rate of increase of CO 2 concentration in
chamber air to estimate initial efflux rate for that time period (Healy et al., 1996). Data
were removed if the fit with the exponential curve was poor. Above-ground vegetation
within the soil collar was pulled out to avoid including canopy gas exchange in
measurements of soil respiration.
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Gradient method
The gradient method (GM) of measuring soil efflux is based on Fick's Law of
Diffusivity and refined for soil efflux measurements by Tang et al. (2003, 2005).

Effiux =Dair (TJ- 0v)2 9S * co2air - co2soil
TJ
&

Diffusivity of CO 2 in free air (Da;r)was considered constant at 1.47•10-5 m2 s-1 (Jones,
1992) . The diffusivity coefficient of the soil was based on Moldrup et al. ( 1999) with
modifications from Tang et al. (2003 , 2005). Soil porosity (17)was determined by
TJ= (Ps - Pb) I Ps where Psis density of mineral soil assumed to be 2.65 Mg m-3 and Pb is

bulk density of the soil which was 1.126 Mg m-3 • Pb was determined by dividing the
mass of oven dried soil by its volume . Several porosity measurements were taken as the
soil dried from spring to summer because porosity has been shown to change with soil
moisture (Jayawardane and Meyer , 1985). Even though variability in porosity among
samples increased as the soil dried , the mean porosity remained constant at 0.53%. It was
reasoned that the scale of variability in porosity was smaller than the scale at which GM
measured efflux, therefore, porosity was fixed at 0.53% for all calculations.
S (unitless) is a component that , multiplied with constant 2.9 (unitless), accounts
for the tortuosity of the soil medium with respect to movement of a fluid. It is equal to
the sum of sand and silt proportions in the soil (Tang et al., 2005) and was 0.89 in our
study. The exponent is in close agreement with 2.5 which is typically used (Moldrop et
al., 1999). Our tests showed that near-surface concentrations of CO 2 (µmol mor

1)

in the
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air (CO 2air)varied diurnally and in response to diurnal and synoptic events. Despite
this, the degree of variability rarely had a detectable influence on calculated efflux
compared with calculations in which CO2airwas assumed constant at 380 (µmol mor

1)

which was the global atmospheric mean in 2005. Measured concentrations of the air near
the surface ranged between 370 and 540 µmol mor 1between day of year 159 to 167
using the Li-8100 automated chamber. Because the CO 2 concentration (µmol mor

1)

of

measurements was more continuous than CO2airmeasurements, we opted
the soil (CO2soi1)
to keep CO2airat a constant 380 (µmol mol"1) for all gradient method calculations to
provide more continuous soil efflux data . CO2soiIwas measured continuously using a
GMT222 CO2 probe (Vaisala Inc. , Helsinki , Finland) at 0.05 m depth (~z) and recorded
every 15 minutes on a CR5000 datalogger (Campbell Scientific , Inc.). The probe was
encased in a PVC pipe to protect it from contact with liquid water and inserted
horizontally in the soil column. Slits were cut on the bottom surface of the PVC pipe to
allow gas exchange (Turcu et al., 2005) . CO2soiIreadings were adjusted for pressure and
temperature as described in Tang et al. (2005) when these measurements were available.

Uncertainty in soil respiration measurements
Soil efflux measurements (CH) from manually operated 10.16 cm diameter
chambers on 6-11 permanently placed collars imbedded approximately 3 cm into the
surface were made every two to four weeks through 2005. In spring, measurements were
made using the LI-6400-09 (Li-Cor, Inc.) and after June, the LI-8100 chamber was used
(Li-Cor, Inc.). Comparisons between the two chamber models have shown that they do
not give statistically different results (Madsen et al., 2005). Three collars (including the
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automated chamber) were kept free of above-ground live vegetation throughout the
study, and vegetation was removed from an additional six collars beginning in June,
2005. Soil efflux had a diurnal pattern with daytime values being higher than nighttime
values. To minimize variation in soil efflux due to diurnal trend, we made measurements
during mid-day when the temporal change in efflux would be the least, which
corresponded to the daily maximum. Because variance increased with mean efflux, our
estimate of spatial variability based on these measurements likely represents a maximum.
Spatial variability was related to mean soil efflux(µ) as SD= 0.0216µ
0.2826µ

(r2= 0.95) where SD is standard

3 -

0.1386µ 2 +

deviation. This empirical model was used

purel y to estimate uncertainty due to spatial variability for any date throughout the year.

It was not intended as a mechanistic description of the relationship between the mean and
the SD.
To model uncertainty around mean efflux due to temporal variability , soil efflux
measurements made by both GM and CH were used. To interpolate through gaps in data
while providing estimates of uncertainty due to temporal variability , the nonlinear trend
over time was summarized using an approximate low-rank thin-plate spline. This
approach avoided the need to specify a mathematical model for trend. Data analyses
were obtained using the GLIMMIX procedure in SAS/ST AT in the SAS System for
Windows Version 9.1.3 (SAS Institute Inc., Cary, NC, USA) . Computations used the
REML estimation technique with a Gaussian distribution and identity link , and the
Newton-Raphson algorithm for optimization. Knots for the smoothing were selected by
the algorithm based on the vertices of a k-d tree ; different bucket size values yielded
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trends with different levels of smoothness. We chose the model fit with bucket size set
equal to 3 because this gave sufficient detail in seasonal but not synoptic effects on soil
efflux.
Mean soil efflux at the site scale was approximated by predictions from the spline
model. This is reasonable because overall CHs and GM values at the same time and
location were similar (Figure 4b), but CHs measured only daily maximums while GM
measured nearly continuously and so allowed for diurnal integration of soil efflux values.
Further , annual CHs values at the GM location fell within one standard error of the
annual mean for all locations without above-ground vegetation measured. Site mean (and
standard error) for two CHs locations was 24.16 (1.83) µmol CO2 m· 2 s·' (n=2) and CHs
mean at the GM location was 22.33 µmol CO2 m·2 s· 1• Non-growing season mean (and
standard error) for the site was 0.74 (0.06) µmol CO2 m· 2 s· 1 (n=9) while mean efflux
CHs at the GM location was 0.8 µmol CO2 m·2 s· 1. To estimate total uncertainty through
the year due to temporal and spatial variability for the site, variances from the spline
model for temporal variability and from the model for spatial variability described above
were added together and converted to standard deviation .

Results

Non-growing season
During the non-growing season when there was no photosynthesis (DOY 222304), NEE measurements made by EC were expected to be similar to estimates of soil
respiration measurements by CH and GM. High correspondence was found between EC
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and at least one of the soil-based measurements across a range oflow to high flux
rates. In addition, high CO2 pulses following summer rain events during this period
resulted in close measurement agreement between EC and CH (Figure 2a). CO2 efflux of
CH reached a maximum of 6.3 µmol m-2 s-1 almost 5 hours before EC reached a similar
maximum of 6.7 µmol m-2 s-1. This offset is the result of a data gap in EC when the LI7500 window is wet. Both measurements of efflux had similar exponential decay rates
leveling off at 1. 1 µmol m-2 s-1 at approximately the same time two days later. During
winter, both GM and EC agreed when efflux was very low (Figure 2b). Similarly,
nighttime measurements by EC were similar to GM for the same time period (Figure 2c) .
However , during the day when GM and CH agreed , there was disagreement with EC
throughout most of the non-growing season (Figure 2d). During warm days , EC
measured uptake of approximately 3 µmol m-2 s-1 that was not measured with soil efflux
measurements. On cool winter days, apparent uptake measured by EC was much smaller,
and during the coldest part of winter , measured midday flux values were essentially zero
(Figure 2b ).

Growing season
During the growing season (DOY 90-181 ), NEE of EC at night was expected to
exceed soil respiration by a quantity equivalent to canopy respiration. As expected,
nighttime NEE of EC tended to match GM in the early season when canopy respiration
was limited by low biomass and exceeded soil efflux late in the growing season (Figure
2e) when biomass was high (Figure 2h). However, contrary to expectations, the vast
majority of nighttime EC points fell below GM in mid-growing season using u*
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thresholds of 0.3, 0.6, and 0.2

ms- 1 ,respectively

(Figure 2e,f,g). U* exceeding 0.6

ms-1

should be sufficient turbulence to mix canopy air even though a clear threshold was not
found for this site. During these high turbulence events, nighttime EC values should
exceed GM when both the soil and canopy are respiring. However , using the lowest u*
(0.2 ms- 1) was the only turbulence level that gave occasional EC values that seemed high
enough to represent both canopy and soil respiration (Figure 2g). This is surprising
because it suggests that the canopy air was better mixed with lower turbulence levels.
To investigate inconsistencies in atmospheric mixing, we looked at and
turbulence intermittency and atmospheric stability using eddy covariance measurements .
Intermittent turbulence in the raw time-series data can explain low NEE and high u*
when data is averaged over an hour. But horizontal and vertical wind speeds and CO2
densities were relatively constant in our data (data not shown). This indicates that the
atmosphere was well mixed and does not explain why NEE values were low at night in
high canopy LAI when u* values were high. To confirm that the atmosphere was well
mixed , we also looked at a measure of atmospheric stability, (z/L). During the early
growing season when GM and EC were in agreement , highest fluxes corresponded to
high u* and nearly neutral conditions (Figure 6a,b ). This was expected because with high
turbulence, the atmosphere should be well mixed. However, during peak LAI, when EC
was lower than GM, this relationship is not as clear. High fluxes occurred at both high
and low u* and were not restricted to the most neutral atmospheric conditions (Figure
6c,d). Because high

U•

does not always correspond to neutral conditions in high LAI, it

may indicate that the air was not sufficiently mixed with high turbulence and may explain
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why we saw low NEE values in high

U•

conditions at night in peak LAI. This evidence

is very weak however and further investigation is required.
The general pattern of efflux measured by GM and EC through the year (Figure
2g) shows a gradual change from measurement agreement before canopy development
early in the year, to GM exceeding nighttime EC during the spring growing season as
LAI exceeded 0.6, and then a reversal at the end of the growing season. Finally , there is
a return to measurement agreement after the canopy has died.

Chamber and gradient method comparison
CH values were on average 93% of GM values using day and nighttime data from
both growing and non-growing seasons (Figure 3a). In the spring growing season there
was little discrepancy between the methods when rain events were removed (slope=
0.98) (Figure 3b, c). Rain events were removed because there was disagreement in efflux
measurements following rain events between June and November. The chamber method
detected a large pulse of CO2 efflux from the soil while the gradient method measured
uptake (Figure 2a). Investigation into gradient method components revealed that soil
CO 2 values dipped below atmospheric values during nearly all warm season rain events
which caused a downward flux of CO 2 into the soil. During the non-growing fall season
when efflux was low, agreement was variable. Daily maximums tended to agree but
minimums measured by the gradient system were consistently higher than the automated
chamber method (Figure 3d). Investigation into the CO 2 concentration data used by the
LI-8100 to calculate efflux revealed that efflux values below about 0.35 µmol m· 2 s· 1
were unreliable. At high efflux values, CO 2 concentration increase with time inside the
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chamber was described well with an exponential curve and therefore, calculated values
of efflux were expected to be sound. However, at low efflux values, CO 2 concentration
increase inside the chamber fit exponential curves poorly (r2 values below 0.65)
indicating that calculations of efflux were not representative of true efflux. When
unreliable CH measurements were removed from analysis, CH measured 73% of GM
values (Figure 3e). Another situation where there was poor agreement between the
chamber and gradient measurements was during winter snow (Figure 2b). Deep snow
interfered with operation of the chamber and when shallower snow conditions allowed
for measurements, CH was consistently higher than GM. Bi-weekly, midday CHs
measurements and corresponding GM measurements at the same location shows that
overall, measurements made with the CHs averaged 105% measurements made by GM
(Figure 4b). The relationship , however , shows that CHs was higher in the growing
season and lower in the non-growing season compared with GM.

Soil respiration estimates with uncertainty

The annual estimate of soil efflux for the site was 406 g C m-2 with SD of 18%
due to spatial and temporal variability combined (Figure Sa). In general, soil efflux was
low in winter, high in spring and low again in summer and fall. During the warm part of
the year when efflux was at its maximum from April to July (DOY 65-274), spatial
variability contributed to total uncertainty more than temporal variability. During winter,
temporal variability tended to contribute more to uncertainty than spatial variability
(Figure Sb). The majority of soil efflux occurred between early April and July, 2005
when soil moisture and temperature were conducive for both microbial and plant

23
physiological activity . Low soil efflux corresponded to cold temperatures, snow cover .
and/or low soil moisture.

Discussion

Non-growing season
This study finds agreement between EC and GM or CH for measuring soil CO 2
efflux during the non-growing season (Figure 2a-c ). This supports Reth et al. (2005) who
also showed agreement between chamber and eddy covariance measurements over bare
soil and extends their work by showing agreement in a wider range of conditions.
Similar values between EC and either GM or CH were found during high soil efflux after
summer rain events, moderately low effluxes of autumn nights , and extremely low
effluxes in winter. Convergence on values in a large range of conditions provides
support for each method tested . Further, our results show that consistent and systematic
measurement error should not be expected for any of the methods studied over a wide
range of environmental conditions.

Growing season
In contrast to the agreement found over a non-living surface, variability in
measurement agreement was found during canopy presence. We expected to see a
gradual increase in canopy respiration (NEE-soil respiration) at night as biomass
increased through the growing season followed by a decline as the plants began to die at
the end of the season. We actually saw increasingly larger values of soil respiration
(from 9 to 5.44 µmo] m· 2 s· 1 measured by GM and CHs) relative to NEE (about 4.85 to
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3.56 µmol

m-2

s-1 measured

by EC) from the beginning through to the peak of the

growing season using U• filters of 0.3 and 0.6 ms-1, respectively (Figure 2e,f). This was
followed by evidence of canopy respiration (about 13.55 to 7.36 µmol m-2 s-1 for U• of 0.3
and 0.6 ms- 1, respectively) later in the season (Figure 2e,f) when EC was larger than GM
and CHs. Soil respiration values were around 10 µmol m-2s-1 for an intensively managed
grassland in Ireland (Byrne and Kiely, 2006) and ranged between 8- 14 µmol m-2s-1 using
a variety of techniques in a herbaceous meadow at 970m elevation in Switzerland
(Wohlfahrt et al., 2005). All measurements were normalized to l 5°C which was the
mean temperature for the peak of the growing season in this study. GM values were
generally within the lower range but EC values were slightly smaller (Figure 2e,f). It's
important to remember that although GM is generally similar to or lower than the mean
soil respiration (measured by CHs), it is a single point and thus not necessarily
representative of the EC footprint on short time scales. When soil respiration values are
estimated over greater temporal and spatial scales, about 3 µmol m-2 s-1 was estimated for
the same time period (Figure 5). While this value agrees well with EC, the seasonal
pattern does not because average soil efflux had a maximum around DOY 140 whereas
EC maximum was around DOY 160. This apparent lag in respiration recorded by EC
cannot be accounted for by increased canopy respiration from DOY 140- 160 because
that should correspond to maximum biomass (Amthor, 1989) measured by LAI, (also
around DOY 140, Figure 2h). If maximum soil and canopy respiration occurred around
DOY 140, then maximum NEE should have also occurred then. This indicates the EC
underestimated NEE during the peak of the growing season.
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Underestimated EC values at night can be explained by instrument error or an
undetected sink for CO2 . Since GM and EC agreed at night during canopy absence, it
suggests that instrument error was not the cause of the measurement discrepancy during
canopy presence. Similarly, the agreement between measurements during the night when
the canopy was absent allows us to also rule out the potential problem of CO2 drainage
because this would have occurred with both canopy presence and absence. CO2 has also
been known to build up near the surface at night when canopy air is not sufficiently
mixed (Law et al., 1999a). This can explain the underestimate of EC unless there is high
enough turbulence intensity (u•) to cause the canopy air to be sufficiently mixed
(Loescher et al., 2006). This is nicely demonstrated in Law et al. (1999a) who showed
that agreement between above and below canopy eddy covariance measurements
increased with increasing

U•

in an open canopy ponderosa pine forest. Threshold values

of U• used vary across sites between 0.0 - 0.6 m s-1 (Loescher et al., 2006) and may also
vary with season (Massman and Lee , 2002). Our data did not show a clear threshold in
any of the canopy development stages (Figure la-c). Nonetheless, using a conservative
U•

threshold of 0.6 m s· 1 in peak canopy LAI, still resulted in underestimate of EC (Figure

2f). Van Gorsel et al. (2007) did not find a clear

U•

threshold for their 40 m tall

sclerophyll forest site on complex terrain either but fluxes measured with eddy
covariance and chambers corresponded during nights with very high

U•

values. Our

results are similar for low LAI early in the growing season. High fluxes measured with
the eddy covariance system at night corresponded to high

U•

and nearly neutral (though

stable) conditions (Figure 6a, b). However, fluxes were still underestimated relative to
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soil respiration values in peak canopy LAI. Because atmospheric neutrality did not
always correspond to high

U•

values in high LAI (Figure 6c,d), there is some indication

that there was inconsistent mixing of the atmosphere . We may hypothesize that the grass
canopy created a porous boundary layer allowing short-lived bursts of CO 2 to escape
from the lower canopy periodically. These bursts may look like anomalous data spikes in
eddy covariance data. Wolfarht et al. (2005) included many eddy covariance data spikes
in averages of nighttime fluxes and found better agreement of eddy covariance with a
direct measurement and a modeling approach to estimating nighttime NEE. We did not
include data spikes in the analysis in this study because without an estimate of canopy
respiration, we cannot easily distinguish spikes from noise. However, when EC data was
filtered using a fairly low u* threshold of 0.2 ms-1, then there are occasional values that
look to be in the range that we would expect for both canopy and soil respiration.
Comparing different methods of measuring NEE in this simple system will be the topic of
future research and an inclusion of data spikes will be investigated.

Chamber and gradient method comparison
Two-way comparisons of the soil-based measurements showed GM measured
overall 7% greater efflux (r2 = 0.71) than CH (Figure3a). Liang et al. (2004) found GM
measured an average of 45% higher efflux (r2 = 0.87) compared with an automated
chamber. In both studies, however there was a lack of replication and a difference
between the measurements could only be detected if it were larger than the spatial
variability of efflux at the sites. In our case, the 7% difference in the measurements was
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less than the 13% uncertainty due to spatial variability alone. Therefore, in this study
the measurements made by GM and CH are equivalent.
We found midday CHs measurements averaged 105% of GM measurements

(r2=

0.82) in the same location through the year (Figure 4a,b). This supports Turcu et al.
(2005) who found that CHs and GM had a correlation coefficient ofr 2 = 0.72 and Tang et
al. (2003) who found a slopes of 0.91 (r 2 = 0.83) and 1.18 (r2 = 0.83). Two reasons why
the correlation wasn't expected to be perfect in our study was that the surface treatment
and level of signal noise measured was different between methods. Grass was removed
from the inside the collar but not from the entire area measured by GM which could have
altered the surface properties and affected soil respiration in the collar . A different level
of signal noise detected by the two methods was also expected . Surface fluxes become
less variable over time with increasing area sampled (Davidson et al., 1998) and
therefore , GM would measure a far less variable efflux signal over time compared with
CHs. Similarly , because fluctuations in soil CO 2 concentration are dampened with depth
into the soil (Turcu et al., 2005), GM will estimate less variable surface fluxes than CHs
measures directly.
CH was found to both over- and under-estimate efflux relative to GM (Figure 4b ).
This inconsistency may be a result of signal noise and possibly effects of grass removal
from inside the soil collar. These results highlight that care should be taken when
'calibrating' gradient measurements with small diameter, manually operated chamber
measurements. However, the pattern shows that CHs was greater during growing season
and GM was greater in dry summer. This may also be a function of a difference in the
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leve of microbial activity between surface and subsurface soil layers. During the
growing season, microbial activity may be maximal near the surface where CHs
measurements are taken. When the surface becomes very dry in summer, greater
microbial activity may be closer to the level where GM measurements are taken.

Soil respiration estimate with uncertainty
The annual estimate of soil efflux for the site was 406 g C m-2 with 18%
uncertainty due to spatial and temporal variability (Figure 5a). This is similar to 394 g C
m-2 y{ 1 found in the grass portion of a grass-oak savanna in California (Tang and
Baldocchi , 2005) , and lower than the 616 g C m-2 yr- 1 estimated in the oak portion (Tang
and Baldocchi , 2005) and 1184 g Cm-2 yr-1 estimated for a ponderosa pine plantation in
the Sierra Nevada Mountains (Tang et al., 2005). Soil respiration in our system is
expected to be low because autotrophic respiration only occurs about one third of the year
and heterotrophic respiration is often limited by cold temperatures , low soil moisture
(Conant et al., 2004) and slow rate of substrate availability with the slowly decomposing
root (Peek et al., 2005) and shoot (Bovey et al., 1961) litter of B. tectorum. The
uncertainty of soil efflux due to spatial and temporal variability is expected to be
relatively low in this study for two reasons: 1) a small number of measurements give a
fairly high resolution of spatial variability at this site because of the homogeneity in soil
efflux; and 2) the relatively large diurnal fluctuations in efflux due to large temperature
fluctuations in this environment are highly resolved with the high frequency
measurements. The number of manually sampled locations is limited by the length of
time that soil efflux is expected to remain stable and the cost of instrumentation limits the
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number of automated chambers possible . To further reduce uncertainty in efflux in
this study, we would increase the number of gradient system sites because they are
inexpensive and extremely low maintenance. However , the gradient method is limited
during summer rain events in this system and should therefore continue to be
complimented with an automated chamber.

Measurement error and associated conditions

Each of the three measurement methods was found to make sizable measurement
error under specific conditions. EC measures false uptake over a non-photosynthesizing
surface (Figure 2d), GM misses CO2 pulses from summer rain events (Figure 2a), and CH
is unreliable in snow (Figure 2b) and has a limited range of efflux values that it can
resolve per flow rate setting (Figure3d) . This strongly suggests that redundant measures
using more than one technology are necessary to minimize periods without suitable
measurements , even in a relativel y simple system such as our annual grass community.

Eddy covariance

Apparent uptake is a known technical problem with EC system in which the open
path LI-7500 CO 2 analyzer is used. Small uptake can be measured when no uptake
exists, and the problem is believed to be generated when large temperature gradients
between the heated sensor and ambient air develop. The error is typically largest in cold
ambient conditions and negligible in warm ambient conditions (Burba et al., 2006). This
study found the opposite trend where the largest errors occur in late summer when
temperatures are high (Figure 2d) and are negligible in the coldest temperatures (Figure
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2b ). An explanation for different trends may relate to site differences in which the
observations were made. Practically, this phenomenon does not affect annual NEE if it is
easily identified and can be discarded. However, if it occurs during the growing season,
it would be difficult to separate apparent from actual uptake. Further research is
necessary to assess and ultimately solve the problem . In the meantime , soil-based
measurements are more reliable in this system during warm , late summer and fall days.

Gradient method

During summer rain, GM measured downward flux of CO2 into the soil while CH
and EC measured a large upward flux of CO2 from the soil (Figure 2a). The CO 2 pulse
following rain events is described and been measured in both mesic (Jassal et al., 2005)
and arid systems (Tang et al., 2003; Huxman et al., 2004 ; Xu, et al., 2004). Jassal et al.
(2005) measured CO2 efflux pulses with the gradient method. However , when only
superficial layers were wetted , Turcu et al. (2005) did not detect the expected CO 2 efflux
pulse. They reasoned that sensors were too far below the surface to capture the change in
efflux rate. Similarly , we found that surface and sub-surface processes were different but
our report of a downward flux of CO2 into the soil is unique in the literature as far as we
know . Soil CO2 concentration dropped below atmospheric levels during summer rain
likely caused by rain water combining with CO2 and Ca in the soil to form CaCO 3. As
the water percolated through the soil, an increasing amount of Ca was dissolved and an
increasing amount of CO2 was used to form CaCO3. At the surface, more CO2 was lost
to the atmosphere than to CaCO 3 formation , as measured by the CH. But at 5 cm depth, a
greater amount of CO2 went to CaCO 3 formation than to the atmosphere, as measured by
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the GM. The deposition rate of CaCO3-carbon in this region is on the order of 0.012 to
0.06 g C m·2 yr· 1 (Schlesinger, 1997). At 5 cm depth in this study, gross CaCO 3
deposition was measured to be 0.11 g C m·2 yr· 1 by the GM. However, losses of CO2
from the CaCO3 layer are indistinguishable from biogenic sources with our
measurements , so the net balance of CO2 deposited in the CaCO3 layer cannot be made.
Regardless, this small amount of CO2 uptake is well within measurement error when
calculating annual respiration from the soil at this scale and therefore CaCO 3 deposition
can be ignored. In contrast if CO2 efflux following rain events is ignored, a significant
underestimate of annual soil efflux may result (Tang et al., 2003). Because carbon
uptake by CaCO 3 following rain events is so small, and the loss of CO2 from the surface
can be large, it is preferable to measure efflux with CH in these conditions for the
purposes of measuring annual soil efflux .

Automated chamber method

CH was unreliable relative to GM and EC during snow (Figure 2b) and periods of
low efflux (Figure 3d). Preferential sublimation of snow around the inner edges of the
soil collar caused a reduction in the diffusivity inside the collar relative to surroundings.
This resulted in higher fluxes measured with CH relative to GM and EC. Another
condition when CH disagreed with the other two methods was during extremely low
efflux of fall nights (Figure 3c). Apparently , our chamber flow rate was set too high to
measure accurate flux values during low fluxes. By setting a high flow rate, we
minimized measurement error due to altered within-chamber CO 2 gradients . By doing
so, we likely altered the pressure gradient which, lead to erroneous readings at low efflux
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rates (Davidson et al., 2002). Had we lowered the flow rate, we would likely have
been able to measure lower efflux values more reliably but this may have compromised
our high efflux readings. In this type of system with a very large range in soil respiration
rates , selecting a flow rate to capture all of the efflux rates may be very difficult. Since
high flux rates, such as those from rain events, can be relatively more important to
capture than low flux rates in the annual carbon budget , a high flow rate may be the best
option in this environment. These results show that GM and EC were more reliable than
CH in conditions of low efflux.

Conclusion

A corroboration of soil efflux techniques and the eddy covariance method was
shown in this study of soil respiration in a B. tectorum field . Because three independent
techniques converged on similar efflux values in a wide range of field conditions , we can
assume that accurate measurements of efflux can be made with all of the techniques and
underlying theories are valid. Ther efore, we can have confidence in our measurements
and the models that are based on them . However , this study also found that none of the
techniques were reliable in all conditions . In some conditions , there may be room for
solutions but in other cases, the specific techniques are clearly not suitable for the
situations. An important finding was that

U•

filtered eddy covariance data nearly always

underestimated NEE at night when LAI was near maximum (0 .6-1.0) but not in low LAI.
Further, there was indication of interference by the canopy with proper mixing of canopy
air in high u* leading to intermittent bursts of high NEE values measured by EC.
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However , our data could not confirm the mechanism that could explain our findings.
Further investigation into the relationship between LAI and the discrepancy between
eddy covariance and surface-based measurements is required. Redundancy in
measurement is recommended in order to measure efflux in the full range of conditions
observed in this study.
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CHAPTER3
EFFECTS OF LAI ON AGREEMENT AMONG THREE NEE MEASUREMENT
TECHNIQUES IN A SEMI-ARID GRASS SYSTEM 2

Abstract

Eddy covariance measurements tend to underestimate net ecosystem exchange of
CO2 (NEE) relative to surface-based measurements. Quantification of the discrepancy is
rare in part because of large measurement uncertainties in complex vegetation systems.
To minimize uncertainties and allow for comparison among methods , we conducted this
study in a relativel y simple system. We measured NEE with 1) eddy covar iance, 2) a
combination of soil respiration and leaf gas exchange measurements, and 3) a
combination of soil respiration measurements and plant gas exchange estimated from
periodic harvest data. Both time series and annual sums were compared among methods.
Results showed that eddy covariance was in agreement with other measurements during
the day but it underestimated nocturnal respiration over a vegetated surface when LAI
was above 0.8 µmol m-2 s-1• Further , the magnitude of underestimation increased with
increasing LAI. Implications of these results are that there may be a general trend of
greater nocturnal NEE underestimation (greater sink strength) in canopies with high LAI
relative to canopies with low LAI. This would result in predictions of an inverse
relationship between NEE and LAI. Using a combination of flux measurements from
each method taken throughout the year 2005, we calculated that the system was a weak

2

Coauthored by May Myklebust , L.E. Hipps, and R.J. Rye!
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sink between 80 and 84 g C m-2. Most fluxes occurred during spring coinciding with
moisture and temperature adequate for plant growth. Nearly all photosynthesis occurred
between February and August but respiration continued in small amounts throughout the
year except for some periods in winter when it was virtually zero.

Introduction

Net ecosystem exchange of CO 2 (NEE) is primarily driven by the difference
between photosynthesis and respiration . It can be measured from the surface using a
combination of techniques (Singh et al., 1975; Long et al., 1996; Davidson et al., 2002),
and from the atmosphere using eddy covariance (Baldocchi, 2003). Surface- and
atmospheric-based measurements of NEE have been found to agree over bare soil during
both day and night (Reth et al., 2005; Chapter 2) but eddy covariance typically
underestimates NEE relative to surface measurements in vegetated sites (Law et al. ,
1999 ; Davidson et al. , 2002; Bolstad et al., 2004 ). Eddy covariance underestimated
nocturnal NEE (NEEnight)relative to soil respiration measurements in a grass canopy near
peak LAI (Myklebust et al. , Chapter 2) . However , the magnitude of underestimation was
not quantified because canopy respiration was not estimated. Nor was there an
assessment of eddy covariance measurements of daytime NEE (NEEday) over the same
canopy. This is required to clearly define nighttime measurement bias and daytime utility
of eddy covariance measurements.
Eddy covariance measures the net vertical flux of CO2 directly from a point above
the canopy, and should be equivalent to NEE (Baldocchi, 2003). Surface-based
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techniques measure CO 2 fluxes from processes that make up NEE: respiration from the
soil

(Rsoil)

and canopy

(Rcanopy),

and canopy photosynthesis (PS).

Rsoil

can be well

resolved at the scale of the eddy covariance footprint (Savage and Davidson, 2003).
Above-ground net primary production can be estimated using measurements of gains and
losses in biomass (Singh et al., 1975) and from this, calculations of PS and
made. Canopy gas exchange (PS and

Rcanopy)

~anopy

can be

can also be estimated from a combination

of leaf gas exchange measurements (Long et al., 1996) and models specific to canopy
structure and species physiology (Ryel et al., 1993; Sala and Tenhunen , 1996; Falge et
al., 2000) .
Both EC and surface-based measurements have uncertainties. Eddy covariance
measurements are theoretically sound providing there is sufficient mixing of within- and
above-canopy air (Van Gorse] et al., 2007). In addition , it is assumed that the terrain is
flat, the plant community is homogenous and preferabl y short (Baldocchi , 2003). Any
conditions that do not meet these assumptions can lead to a misrepresentation of NEE by
eddy covariance measurements or a measurement bias , which is often the case. Surfacebased measurements often have large uncertainties when scaled-up due to large spatial
and temporal heterogeneity of fluxes and small spatial and temporal scale of the
measurements. As heterogeneity increases , precision in flux measurements decreases.
Uncertainty , therefore, increases with increasing physical and physiological complexity
of individual plants (Grossman , 1982) and with increasing heterogeneity in the spatial
distribution of individuals (Singh et al., 1975). Because of the low precision associated
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with scaling up of surface based measurements , it is difficult to arrive at values for
validation of eddy covariance measurements (Bolstad et al., 2004).
Given the problems associated with various methods for measuring NEE , we
evaluated three approaches for estimating NEE and identified potential periods of bias or
high uncertainty for each approach. The main objective was to evaluate directly
measured NEE using eddy covariance methods with estimation approaches that used high
precision surface-based estimates . Our study site was chosen specifically to minimize
uncertainty in eddy covariance and surface-based estimates of CO2 fluxes to facilitate
inter-comparison of techniques. The site had a homogenous community of short stature,
annual grass (Bromus tectorurn) on flat terrain, which should be ideal for eddy covariance
estimates of NEE. Further, the annual grass cover should allow for high precision
surface-based measurements because it forms a near monoculture , completes its life cycle
within a discrete time period (3-4 months) , and is anatomically , physiologically and
phenologically simple. Once measurement techniques were evaluated , we used the best
estimates of each approach to estimate NEE for the site for the year 2005.

Methods

Site description

The study site was a 20 ha abandoned agricultural field on the boundary of the
Snake River Plain and Great Basin regions in southwest Idaho at an elevation of 1,372 m
(42° 29' 47.04" N, 113° 24' 59.76" W). The climate is semi-arid with average daily
temperatures ranging from -9.0 to 2.5°C in January and 9.7 to 31.7°C in July, and
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average annual precipitation of 298 mm (Hoare, 2005). The plant community is a near
monoculture of B. tectorum L. Other species present may periodically cover up to 10%
ground area. They are: Ceratocephala testiculata (Crantz) Bess., Lactuca serriola L.,
Tragopogon dubius Scop., Sisymbrium altissimum L., and Salsola tragus L. All species
are cold-season annuals except S. tragus, which is a warm-season annual. In 2005, B.
tectorum was physiologically active from February through June and S. altissimum was
active through July in small patches (cover less than 10%). S. tragus is usually
physiologically active in August , but in 2005 it was largely absent from the site. There
were no physiologically active plants at the field site from late August through October.
Soils are classified as coarse loam, mixed mesic Xerollic Calciorthids in the
Declo series (Noe and Kukachka , 1994). While coarse material exists below lm depth in
the form of a basaltic lava flow , surface soils are fine grained silt loam of aeolian origin
and a petro-calcic layer is present 0.5m below the surface. Sand , silt, and clay fractions
were 34 , 55, and 11%, respectively , as estimated by the hydrometer method (Day, 1965).
There was 2.6% CaCO 3 and 1.83% total carbon and 0.16% total nitrogen in the top 10 cm
of soil determined by a LECO Truspec C/N elemental determinator (LECO Corp., St.
Joseph, MI). All soil analyses were done by Utah State University Analytical
Laboratories in Logan, UT, USA.

Environmental measurements
Net radiation was measured with a net radiometer (Kipp & Zonen-NR Lite, Delft,
The Netherlands) mounted on a steel pole 2.0 m above the surface. Soil heat flux plates
(Hukseflux HFP0l, Delft, The Netherlands) measured soil heat flux at 8 cm depth. Two
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TCAV thermocouples (Campbell Scientific, Inc., Logan, UT, USA) measured soil
temperature above the Hukseflux plates at 2 and 4 ems depth. Volumetric soil moisture
(0v, m 3 m· 3) was measured with a CS616 Soil Moisture Reflectometer (Campbell

Scientific , Logan, UT) at 5 cm depth and recorded every 30 minutes . Photosynthetically
active radiation (PAR) was measured with a LI-190SA Quantam sensor (Li-Cor Inc.,
Lincoln , NE, USA). A tipping bucket rain gauge (Texas Electronics, Dallas, TX, USA)
with a snow adapter in winter (Campbell Scientific, Inc.) measured precipitation. All data
were recorded with a CR 5000 datalogger (Campbell Scientific, Inc.).

Three methods of estimating NEE
We estimated NEE using three methods: gap-filled eddy covariance
measurements (EC), calculations of PS and R:anopybased on harvest data and RsoiI
measurements (B), and estimates of PS and R:anopybased on leaf chamber and leaf area
index measurements combined with RsoiImeasurements (CH). EC is the only
independent method while B and CH share RsoiImeasurements. Once all data had been
processed, we chose what we felt were the best estimates of each flux and combined them
for a best estimate of NEE for the growing season ofB. tectorum and for 2005. We
define positive NEE as net carbon loss from the terrestrial system and negative NEE as
net carbon assimilation or sequestration by the terrestrial system.
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Measurements

Eddy Covariance
Turbulence fluxes of CO 2 were determined using the eddy covariance method
(Baldocchi, 2003). Wind speed in three dimensions was measured with a CSAT 3D
sonic anemometer-thermometer (Campbell Scientific, Inc.) and CO 2 density of the air
was measured with a LI-7500 open-path gas analyzer (Li-Cor , Inc.). Each instrument
was mounted 2 m above the surface on a steel pole and sampled at 10 Hz; 30 minute
averages were calculated and used for estimating CO2 exchange. The fetch was 2003 S0m depending on wind direction. Flux measurements were corrected by coordinate
rotation, density effects (Webb et al., 1980) , and various high frequency effects. Because
Myklebust et al. (Chapter 2) established that no amount of screening of nocturnal NEE
(NEEnight)would produce values high enough to be realistic through the period of
maximum foliage area , we did not attempt to filter the data beyond screening for
precipitation events and low turbulence periods. We chose a minimum acceptable
turbulence intensity (u•) of 0.2 m s-1 which corresponded to nocturnal fluxes that agreed
with soil efflux measurements for the non-growing season (Myklebust et al., Chapter 2).

Harvest data
Above and below-ground vegetation was collected on 11 dates 2-4 weeks apart
during the growing season using 12 soil corers measuring 10-cm diameter by 10-cm
depth . In addition, above-ground green vegeta tion was clipped from six 0.0625 m 2 plots
on the same dates . Roots and shoots were separated and green shoots were separated
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from dead. Leaf area was measured on fresh green material using a LI-3100 (LiCor
Inc.). All of the material was then oven dried at 70°C for 72 hours and weighed. We
calculated standard error for estimates of weight (g m-2) for each date. The proportion of
above-ground plant material that died between each successive measurement date was
estimated from 50 plants collected on each sampling date; the proportion of dead and live
above-ground plant material was calculated from oven-dry weights. Because dead plant
material may have lost some biomass due to decay, volatilization or breakage before
weighing and, calculated PS (based on both live and dead material) may have been
underestimated.

Leaf area index

Leaf area index (LAI) was measured using the LI-3100 on harvested aboveground vegetation. Five replicate measures were performed on each sample and the
mean was calculated. LAI was also measured in the field using incoming diffuse solar
radiation using the LAI-2000 (LiCor, Inc.) and reflected solar radiation with an Exotech
radiometer (Exotech Inc., Gaithersburg, MD , USA). The LAI-2000 was used during
twilight conditions on DOY 117 and the radiometer was used on cloudless conditions
between 1 and 3 pm on DOY 58 and 143. Twenty readings were taken along each of
three 100-m transects radiating outward to the south, southwest , and west from the eddy
covariance tower. Mean and standard error were recorded for the LAI-2000 readings.
LAI was also estimated using the normalized difference vegetation index (NDVI)
as measured with reflected radiation in near infrared and red wavebands measured from
approximately 1-m height above the surface in a 15° field of view with a hand-held
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radiometer. A reading over a barium sulfate panel with known bi-directional
properties and another with lenses covered (dark voltages) were taken before all readings
and between each 100-m transect. These readings, along with zenith angle information
were used to estimate bi-directional reflectance and correct for instrument drift. The
radiometer also had a specific calibration that was applied for each waveband before
calculating NDVI for each reading. To calibrate NDVI (Rouse et al., 1973) to LAI at the
site, three selected 0.0625 m2 plots representing a range of LAI were measured with the
radiometer and were clipped and manually measured for leaf area using the LI 3100.
Calibration coefficients for slope and intercept were 0.447 and 0.229 (r2 = 0.96),
respectively , for DOY 58 and 0.313 and 0.697 (r2 = 0.98), respectively , for DOY 143.
Calibration coefficients were then applied to transect readings to estimate LAI for the
eddy covariance footprint. All methods of measuring LAI were combined (Figure 7a)
and averages were calculated with standard error for each sample date (Figure 7b).

Leaf gas exchange

Net photosynthesis measurements were taken with the LI-6400 Portable
Photosynthesis System (LiCor , Inc.) in ambient conditions every 3 hours for a 24 hour
period on the same dates as the harvest data were collected. Three locations 100 m south,
southwest, and west from the eddy covariance tower were used to make measurements on
three replicate leaves for a total of nine replicates per sampling period.
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Soil respiration
Soil respiration (Rsoil)was determined by the gradient method (Tang et al., 2003,
2005), and both automated and manually operated chambers (LI-8100 Automated Soil
Efflux System and LI-6400 - 09 soil chamber, Li-Cor, Inc.) as described in (Myklebust et
al., Chapter 2). Rsoilmeasurements from the gradient method were used for specific
points in time. Otherwise, modeled estimates of eddy covariance footprint-scale soil
efflux from Myklebust et al. (Chapter 4) were used. Annual Rsoilwas estimated to be 406
± 18% for the site in 2005 (Myklebust et al., Chapter 2).

Analysis

Eddy covariance method (EC)
Eddy covariance measurements were separated into daytime (NEEctay) and
nighttime NEE (NEEnight)values. Gaps in data were filled by using a 3-day moving
average of measured flux values (Baldocchi, 2003). When gaps exceeded 3 days , longer
averaging periods of up to 2 weeks were used. Data was summed over the entire year
and during the growing season (DOY 37-200). Day and night values were added for an
estimate of NEE. This approach to estimating NEE is referred to as EC for the rest of
this paper. We assume that measurement uncertainty is insignificant unless there is
apparent uptake of COs during periods when photosynthesis should not be occurring
(Burba et al., 2006) . Eddy covariance representation of NEE increases in uncertainty
with length of data gaps (Baldocchi, 2003), low turbulence intensity below site-specific
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u* value (Loescher et al. , 2006) , stable atmosphere (Van Gorse! et al., 2007) , and with
canopy presence (Myklebust et al., Chapter 2). These uncertainties were not quantified.

Biomass method (B)
The biomass method (B) was used to estimate NEE by combining PS , Rcanop
y and
Rsoil· Average PS and Rcanopy were calculated between each of the 11 harvest dates
through the growing season of B. tectorum. To determine PS , relative growth rate (RGR ,
gt'

d-1) was first calculated (Leopold and Krideman, 1975) by

RGR = lnbiomass 1ime 2 --lnbiomas s 1imei
time2 - timel
where biomassiimeI and biomass 1imeI include both live and dead above-ground plant mass
(g m-2) estimated for two consecutive sample dates (time 1 and time 2). Net photosynthesis
(Pnetin g dry biomass m-2 day- 1) (Gardener et al., 1984) was determined by

Pnet= RGR *biomass.
Growth respiration and maintenance respiration of the canopy was estimated to be 30%
of P netand 5% of above-ground plant mass , respectively. Canopy growth respiration is
known to be highly constrained in grain crops (0.3 * PneD(Cannell and Thornley , 2000)
and maintenance respiration costs vary with stress level and species between 1.5 and 5%
(Amthor , 1989). We chose a relatively high growth respiration cost because of cool
temperatures and, while other stresses are often reduced in managed crops, this is
generally not the case for unmanaged plant communities.

Growth and maintenance

was added to Pnet
respiration were added together to estimate total Rcanopy·Finally, Rcanopy
and converted tog C m-2 s-1 to estimate gross photosynthesis used for above-ground plant
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biomass (PSa)- I assumed six moles of CO2 was equal to one mole of a 6-carbon sugar
molecule. To account for photosynthesis used for root carbon allocation (PSb), we
multiplied average root: shoot biomass ratio for the season (0.47) by PSa. This assumes
that the cost of synthesizing above and below ground biomass is the same. Root
respiration was measured as a component of RsoiIbut not separable from microbial soil
respiration. PSa and PSb were added together for total PS and expressed as a negative
value to comply with the sign convention used in eddy covariance data. NEE was
y and RsoiIto PS . To facilitate a time series comparison
calculated by adding annual Rcanop
of flux estimates among methods , NEEday and NEEnight measured by B was approximated
by using average RsoiI for days and nights during the time periods when PS and Rcanopy
were calculated. Uncertainty in this method consists of precision in biomass
measurements and of biases associated with constants used in calculations . We
quantified precision by presenting mean values ± 1 standard error. Biases associated
y, which are well
calculations ranged from minimal in the case of PS a and Rcanop
established and conserved across grain crop species, to moderate as in PSb, which is not
well studied. These biases could not be meaningfully quantified.

Chamber method (CH)
Single leaf CO2 gas exchange data were averaged over the nine replicate measures
for each sample period and multiplied with mean LAI for an estimate of canopy gas
exchange (g C m-2 s-1) . The maximum and minimum values per 24-hour period were
used to represent instantaneous daily extremes in canopy gas exchange. To estimate
continuous fluxes , we fit a curve to average single leaf CO2 gas exchange measurements
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taken over each 24-hour period and assumed the same curve represented single leaf gas
exchange for each day until the next measurement date when a new curve was fit. Total
y for the growing season of B. tectorum were calculated from this
NEE, PS and Rcanop
data. Precision of measurements was quantified as the sum of variances in LAI and leaf
CO 2 gas exchange measurements and converted to standard error, conservatively
assuming zero covariance . Potential bias was introduced by assuming our measured gas
exchange rates (one day) represented rates observed throughout the period for which they
were used (up to 2 weeks) and would underestimate the daily range of NEE values. The
biases introduced by interpolation of measurements between sample dates are effectively
random and therefore may result in under or overestimates of fluxes . This approach is
referred to as CH for the rest of this paper .

Comparison of methods
NEE is the only parameter that all three methods estimate and therefore , the only
parameter that is comparable . However , the methods differ in averaging period and
frequency of measurement and so, while annual sums are directly comparable , the time
series are not. Instantaneous NEE was measured nearly continuously with EC through
2005 , mean NEE between sample dates was estimated with B, and instantaneous NEE
was estimated each sample date by CH through the growing season of B. tectorum. If
there was agreement among methods , total NEE for 2005 would be the same but some
variation in time course of NEE would be expected. NEEdayand NEEnightfrom EC plotted
against time should be a cloud of points representing entire range of NEE values. B
should show horizontal lines spanning approximately 2 weeks each with EC points
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evenly distributed above and below. Maximum and minimum NEE by CH should fall
near the extreme edges of EC cloud of points.

Best estimates of fluxes
Methods were combined to estimate the most accurate PS , Rcanop
y, Rsoil, and NEE
for the site during the growing season of B. tectorum and for the entire year of 2005 .
Daytime measurements of NEE by EC and Rsoitwere chosen to quantify PS because
NEEctayby EC (Van Gorsel et al., 2007) and Rsoil at the site for 2005 (Myklebust et al.,
Chapter 2) are both expected to be the most accurate . In addition , they provided semicontinuous rather than periodic estimates and thus minimize biases associated with
interpolation. Another advantage of using NEEctay by EC rather than by B or CH, is that
fluxes from minor species were captured. Specifically , S. altissimum was physiologically
active during and after senescence of B. tectorum. A potential bias in NEEctayby EC is
apparent uptake of CO 2 when plants are not physiolo gically active (Burba et al., 2006)
which had been detected during warm periods in the non-growing season at this site
(Myklebust et al., Chapter 2). To account for possible apparent uptake in July (DOY
182-212) when only S. altissimum was active , we subtracted NEEctaymeasured in August
(when no plants were physiologically active) from NEEctay measured in July . This
an1ount corresponded to 57 g C m-2 . The largest uncertainty in EC measurements is in
June when we do not know whether apparent uptake occurred. We therefore estimate
high and low PS for June with and without subtracting 57 g C m-2s-1, respectively.
Rcanop
y was estimated by multiplying the best estimate of PS (as calculated above)
by average Rcanopy/PSratio (0.44) calculated by B for the growin g season and CH for
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each sample date. Since our annual grass has similar growth rate and physiological
by B should be reasonably
characteristics to grain crops, calculated values of Rcanopy
accurate. Instantaneous measurements of Rcanop
y and PS by CH should be accurate within
the precision of measurements and bias of the assumption that the diurnal course of
canopy gas exchange was appropriate for days where it was not measured. NEE was
y and Rsoil and for the year 2005 .
calculated by adding PS , Rcanop

Results

NEE time series
There was a difference among methods in agreement on NEE estimates between
day and night. In general, NEEday values were in better agreement than NEEnight· NEEday
measured by EC was often evenly distributed above and below average NEE measured
by B, and extended to (although sometimes beyond) minimum NEE measured by CH
(Figure 8). These relationships indicated general measurement agreement. NEEnight
estimates among methods had a similar relationship during early and late portions of the
growing season (DOY 57-90 and 155-181) but not in mid-growing season (DOY 110155) (Figure 8). This suggests a disagreement among methods during mid-season. The
seasonal pattern of EC measurements showed an earlier maximum CO 2 sequestration
(large negative NEEday, DOY 151) than maximum CO2 efflux (large positive NEEnight,
DOY 180) (Figure 9a) . In contrast, both NEEdayand NEEnightestimated by CH have
similar time of maximum CO 2 sequestration and efflux (DOY 139) (Figure 3b).
Similarly, B showed maximum CO2 sequestration and efflux between DOY 116 and 139
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and an additional local maximum sequestration between DOY 155 andl69 (Figure 8,
9c). Comparing corresponding instantaneous maximum values ofNEEnight, the difference
between CH and EC varied with LAI (r2 = 0.62, n

= 6) (Figure 10a). When normalized

for magnitude of flux , the relationship was weaker (r2 = 0.33, n

= 6) (Figure 10a) .

Cumulative NEE
Summed EC values ofNEEctay, NEEnight,and NEE for the growing season and for
the entire year 2005 were -462 and -580 , 147 and 245, and -315 and -335 g C m-2,
respectively (Figurel la). Summed mean values of PS over the growing season were 558 and -422 g C m-2 , mean R:anopyvalues were 191 and 223 g C m-2 , and mean NEE
estimates were 39 and 207 g C m-2 for Band CH, respectively (Figure 11b,c). Within
measurement precision for the entire year 2005, Band CH agreed on PS and R:anopy,but
there was poor agreement among the three methods on NEE within measurement
precision (Figure 1 la,b,c): EC estimates for the site indicated the B. tectorum
community was a sizable sink for CO 2 (-315 to -3 3 5 g C m-2 yr

-I),

B estimates indicated

that the site was approximately neutral (-84 to 39 g C m-2 yr -1), and CH estimates
indicated the site was a source for CO 2 (205 to 295 g C m-2 yr -1).

Best cumulative NEE and fluxes
The best estimates of PS for the growing season of B . tectorum were between 545 and -560. This was within the range for both B and CH estimates (Figure 11b,c,d).
for the growing season was between 240 and 246. This was
The best estimate of Rcanopy
slightly higher than B but within the upper range of CH (Figure 11b,c,d). The best
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estimate of NEE for the growing season was -25 to -119. This growing season
estimate was within the range of B but disagreed with EC and CH. The best estimates for
the entire year were PS between -737 and -795, Rcanopy between 324 and 350, Rsoil
between 333 and 479 (Myklebust et al., Chapter 4), and NEE between -80 and -84
(Figure I le). None of the methods agreed with the best estimate of annual PS, CH
agreed with the best estimate of annual

Rcanopy,

and B agreed with the best estimate of

NEE for 2005.

Best time series of NEE and fluxes

Partitioning of NEE into component processes showed patterns corresponding to
temperature (Figure 12a), soil moisture (Figure 12b), precipitation (Figure 12c) and LAI
(Figure 12d) through the season. Cold temperatures early in the season limited fluxes
(Figure 12a,e) and low soil moisture limited fluxes late in the season (Figure 12b,e).
Precipitation had the immediate effect of dampening fluxes (Figure 12c,e) and the
general seasonal pattern in flux magnitude depended on LAI (Figure 12d,e). PS and Rsoil
had different responses to temperature. PS had a curvilinear temperature response (r2 =
0.20) with an optimum around l5°C (Figure 13a) while

Rsoil

had a more complex

response (Figure 13b). It both increased monotonically with temperature (r2 = 0.08) and
had a curvilinear temperature response (r2 = 0.11) similar to photosynthesis indicating
two processes.
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Discussion

Based on the level of agreement with surface-based estimates of NEEday,EC
measurements were representative ofNEEctaybut NEEnightwas underestimated (Figure 8).
This partial disagreement produced a difference in symmetry of the seasonal pattern of
NEE. NEEnightby EC has a later maximum than minimum NEEctay (Figure 9a) while the
minimum and maximum NEE by CH occurred near the same date (Figure 9b ). This
and RsoiIin mid-growing
means that NEEnightby EC was biased during peak Rcanopy
season and resulted in a total underestimate of -255 to -251 g cm· 2 for the entire year
2005 at this site (Figure 11b,e ). This bias may be explained by inadequate mixing of air
in stable atmosphere that often occurs at night and may be minimized with increasing u*
values in some systems (Loescher et al., 2006; Van Gorsel et al., 2007). In other systems,
a site-specific u* threshold can be used to screen out biased measurements (Gu et al.,
2005). Previous work established that u* thresholds were not easily distinguished in this
system (Myklebust et al., Chapter 2). Current results show asymmetry with both high
and low u* thresholds (Figure 9a) indicating that NEEnightmeasured by EC is
underestimated in high LAI regardless of U• values. Together, these studies suggest that
there is an interaction between u* and canopy LAI in EC data quality.
Just as decreasing u* values increase the underestimate ofNEEnight by EC (Van
Gorse! et al., 2007), we found that the underestimation of NEEnightby EC (Figure 10)
increased linearly with LAI. This explains the seasonal asymmetry in NEE measured by
EC (Figure 9a) that was not seen in CH (Figure 9c ). As LAI increased in the growing
season, we suggest that the canopy increasingly interfered with atmospheric mixing and
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caused increasing underestimations ofNEEnightby EC. The CO2 not detected by EC
may have been contained in the anomalous short-duration spikes often found in NEE data
that are automatically removed when preparing data for analysis and/or by CO2 recycling
by the canopy as photosynthesis begins in the morning. Implications of these results are
that with a gradient of increasing LAI among ecosystems , the underestimation of
nocturnal respiration may also increase. Consequently, EC data may wrongly indicate
that LAI is inversely correlated to NEE. This trend has been found to be false.
Increasing LAI with woody encroachment was expected to increase carbon sequestration
based on NPP calculations (Pacala et al., 2001 ), but soil data showed that NEE of the
sites depended on the magnitude of soil respiration (Jackson et al., 2002) . This
demonstrated that NEE doesn 't necessarily increase with NPP and soil respiration must
be taken into account. Similarly , this study implies that actual NEE doesn 't necessarily
increase with NEE measured by EC since NEEnightmay not be correctly measured.
Because bias in measurement of NEEnightby EC varies with LAI, EC data alone is
inadequate to observe trends in NEE at a single site, across sites, or in response to climate
or vegetation change.
Using both atmospheric- and surface-based data, our best estimate of NEE for the
site in 2005 was -80 to -84 g C m·2 (Figure 1le). Most flux activity occurred during the
growing season of B. tectorum (Figure 11d, 12e) and absolute magnitudes of Rsoil,PS,
peaked around the same time (Figure 12e). Annual NEE estimated in this
and Rcanopy
study are similar to a desert shrub community in Baja California in 2002 and 2003 (-39
and -52 g C m·2 ; Hastings et al., 2005) and a Hungarian semi-arid grassland in a wet and
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dry year (-188 and 80 g C m-2 , Nagy et al., 2007). It is less of a sink compared to a

managed European grassland systems which averaged between-160 and-310 g C m-2
(Soussana et al., 2007). These few data points imply increasing moisture correlates with
more negative NEE. While this may be true, based on results found in this study we may
also hypothesize that increasing moisture increased LAI which caused a greater
underestimate of NEE. In that case, we would expect reported NEE to be most accurate
in the most arid sites and least accurate in the mesic sites. The result of adjusting
measured NEE by adding an amount of respiration according to LAI would tend to
homogenize (or reverse) NEE among these sites.
The intra-annual pattern of fluxes in this study reflects the climatic constraint on
the ecosystem as most fluxes coincide with favorable temperature and moisture for
biological activity in spring. In this system, biological activity is limited by low moisture
availability in summer and low temperatures in winter. It is therefore confined to spring
and sometimes fall, depending on timing of precipitation. Spring, 2005 was typical in
that air temperatures and soil moisture combined were favorable for biological activity
for approximately 4 months (Figure 12a,b). Fall, 2005 was dry with minimal fluxes.
Unlike the desert shrub community in Baja California where vegetation stores water for
use through unfavorable conditions (Hastings et al., 2005) , our annual grass uses
resources when available and escapes unfavorable conditions by dying and persisting as
seeds. Consequently, weather events likely have a greater effect on vegetation gas
exchange in an annual grass compared with a perennial shrub. Precipitation events
tended to dampen R soil, Rcanopy and PS (Figure 12c,e). Interestingly , annual NEE was very
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similar in these two semi-arid systems with differing life history strategies. This raises
the question: how much can physiology control annual NEE in water-limited systems?
Adequate soil moisture and temperature coincided with the growing season of B.
tectorum. although a minor species (S. altissimum) was physiologically active for about a
month after senescence of B. tectorum, likely due to access to deeper soil moisture
(Kulmatiski et al., 2006). This shows up in PS and Rcanop
y local absolute maximum
around DOY 160 (Figure 12e). Physiological activity of S. altissimum accounted for
28% of annual PS (Figure 1 ld ,e). This demonstrates that even a minor species can have
an impact on the carbon budget and flux activity. It also shows that within the same
community, different survival strategies employed by different species may occur in the
same climate making it difficult to predict ecosystem fluxes based on physiological
response of a single dominant species. In this study, EC was the only method that
accounted for S. altissimum flux activity and highlights the importance of atmosphericbased measurements of NEE.
The physiological mechanisms affecting NEE are not discemable with EC data
alone and surface-based measurements are also required. The CH method was useful in
providing instantaneous estimates of PS and Rcanopy
that were combined with RsoiIfor an
independent estimate of NEE. In this study, we showed that the symmetry in NEEdayand
NEEnightestimated by CH (Figure 9b) was not seen in NEE by EC (Figure 9a) and
supported our hypothesis that EC measurements ofNEEnight were inaccurate. However,
the CH method did not provide a correct estimate of NEE either (Figure 1lc), assuming
in this
our best estimate is more correct (Figure 11e). The problem is that PS and Rcanopy
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annual system respond immediately to weather conditions (Figure 12e, 13a,b),
meaning that diurnal curves do not adequately represent all days between measurement
dates . Interpolation between measurements dates can, therefore , be biased. In contrast,
the B method provided a time series that was more believable at the beginning than the
end of the growing season (Figure 9c). However , when summed over the season, B
provided the only estimate of NEE that was similar to our best estimate (Figure 11b ).
The reasons for the B time series showing a local minimum in PS around DOY 155-169
was likely because our assumption of exponential growth was not appropriate for the
entire season. B. tectorum grows exponentially until maximum LAI but then starts to
allocate resources to seeds while vegetative biomass senesces at the end of the season
(approximately DOY 139-180). A logistic model may be more appropriate to describe
growth before senescence and the senescent phase may be described by a linear function.
In sum, the CH method is useful for instantaneous estimates of fluxes while the B method
is useful for long-term averages within single phenologic stages that are modeled
accurate! y.
In this study, we measured and calculated NEE and partitioned PS, Rcanop y and
R soil

which allowed us to see some patterns in processes (Figure l 2e) in response to

environmental variables (Figure 12 a,b,c) and LAI (Figure 12d). LAI determines the
magnitude of fluxes through the season and synoptic events (rain events and cold
temperatures) decrease fluxes temporarily. PS and

Rsoil

differently. This is because PS is one process while

Rsoil

respond to temperature
is comprised of two processes.

Autotrophic (root) and heterotrophic (microbial) respiration, respond to different sets of

65

environmental drivers (Pendall et al., 2004). Heterotrophic respiration largely depends
on soil temperature, moisture and substrate quality and quantity (Conant et al., 2004)
while autotrophic (root) soil respiration largely depends on temperature, moisture, and
plant physiological activity. Therefore, to predict ecosystem responses to environmental
changes , soil respiration processes need to be distinguished from one another. We did
not separate soil processes and therefore are limited in our predictive abilities in this
study . Partitioning autotrophic and heterotrophic respiration is an active area ofresearch
(Hanson et al., 2000) , and while progress is being made in many areas , a universal
solution does not exist (Trumbore, 2006).
This study supports EC methodology in measuring NEEctayover a flat,
homogenous and short stature vegetation system. However , when LAI increased above a
certain threshold , EC measurements ofNEEnightbecame increasingly underestimated.
The CH method can be used to partition fluxes in the day and periodicall y measure fluxes
at night. The B method can be used to estimate NEE and component fluxes for time
periods corresponding to a single phenologic stage in this system . Partitioning of
heterotrophic and autotrophic respiration is still required before much prediction of fluxes
could occur. This study clearly identifies the utility of each method of measuring NEE
and component fluxes in a simple system. With the same combination of measurements ,
it should be possible to approximate NEE and at least roughly, partition fluxes in more
complex systems.
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used for below-ground biomass (PSb) (thick gray line), PS (thick black line), Rsoil
(thin gray line), and NEE (thin black line).
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CHAPTER4
PARTITIONING OF AUTOTROPHIC AND HETEROTROPHIC SOIL
RESPIRATION! IN A SEMI-ARID GRASS SYSTEM 3

Abstract

Land-atmosphere feedbacks are thought to play an important role in the rate of
climate change. Understanding the possible mechanisms behind these feedbacks requires
that the main CO2 fluxes are partitioned into processes of photosynthesis , canopy
respiration , root respiration and heterotrophic soil respiration. Theory and technology are
at a point where daytime NEE may be quantified nearly continuously and photosynthesis ,
canopy and soil respiration can be distinguished. The largest remaining problem
preventing a general understanding of ecosystem CO2 flux dynamics is the separation of
autotrophic (root and rhizosphere) from heterotrophic (microbial) soil respiration. This
study estimates autotrophic soil respiration with two approaches ; 1) root respiration as a
proportion of photosynthesis and 2) root respiration as the difference between measured
soil respiration and modeled heterotrophic respiration. Nearly all of the variability in
measured heterotrophic respiration during the non-growing season was explained by soil
moisture and temperature in the model of heterotrophic respiration. The relationship
between soil moisture, temperature and heterotrophic respiration was assumed to be
similar for the spring growing season when autotrophic (root) respiration was also
present. Estimates of autotrophic respiration calculated from photosynthesis
measurements generally agreed with estimated autotrophic respiration derived from
3

Coauthored by May Myklebust, L.E. Hipps , and R.J. Rye!.
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measured soil respiration and modeled heterotrophic respiration. In addition, estimated
fluxes of NEE, photosynthesis, and partitioned soil respiration generally agreed within
the various constraints imposed by measurements and known relationships. This
indicates that the various techniques and relationships used to estimate fluxes in this
study are reasonably accurate. Results suggest that the dominant plant, (Bromus
tectorum), and microbes respond differently to moisture and temperature. Nonetheless,
we speculated that with warmer temperatures , NEE may remain unchanged due to
buffering effects of a minor species in the system.

Introduction

Ecosystem fluxes of CO2 are primarily influenced by photosynthesis and
respiration of canopy , roots and soil microbes. Currently, effective methods are available
to make continuous measurements of soil respiration (Davidson et al., 2002; Savage and
Davidson, 2003; Tang et al., 2003) and semi-continuous measurements of net ecosystem
exchange of CO2 (NEE) (Baldocchi, 2003) during the day (Van Gorse} et al., 2007;
Myklebust et al., Chapter 3). Canopy respiration due to growth and maintenance
respiration are very well constrained across species (Arnthor, 1989) and suitable methods
to estimate these quantities are known. However, root and soil microbial respiration (RA
and RH, respectiv ely) are not as well understood or measured (Trumbore, 2006) which
prevents full accounting of whole-plant gas exchange and microbial dynamics, and
resulting effects on NEE. This knowledge gap prevents process-based prediction of
ecosystem response to climate change (Baggs, 2006).
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Reviews of techniques to partition autotrophic and heterotrophic soil
respiration indicate advances in several approaches , but each has deficiencies (Hanson et
al., 2000 ; Trumbore , 2006 ). The direct approach to partitioning processes is to measure
each in isolation . However , RH and RA are closel y connected and disturbance of the
relationship seems to cause one or both to change (Trumbore, 2006) . This suggests that
indirect approaches may be more successful. Recently Rodeghiero and Cescatti (2006)
used regression of root biomass to soil respiration to estimate RA which showed promise
in evergreen forests. A similar approach , however , was not as applicable across plant
types (Chen et al. , 2006) or in a grass system (Jia et al., 2006). Other studies have used
plant physiological dynamics in their specific vegetation systems to distinguish RH from
RA (Irvine et al., 2005 ; Tang and Baldocchi , 2005). Together , these studies suggest that
while there may be no universal approach to partitionin g RA and RH, the problem may be
solved by takin g advantage of characteristics within each system .
In this study , we use the characteristics of an annual plant community , Bromus
tectorum, in southern Idaho , to partition RH from RA. This system has distinct seasons
with and without RA. Periods with only RH are used to parameterize a model of RH in
response to environmental variables, which is then applied to seasons with RA and used
to partition RH from RA. Resulting estimates of RA are checked against a range of
expected relationships between photosynthesis and root respiration (Poorter et al., 1990).
Finally , we assemble the fully partitioned estimates of CO2 fluxes and show the
individual responses of microbes and plants to their environment through the growing
season.
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Methods

Site description
The study site is a 20 ha abandoned agricultural field on the boundary of the
Snake River Plain and Great Basin regions in southwest Idaho at an elevation of 1,372 m
(42° 29 ' 47.04" N, 113° 24' 59.76" W). The climate is semi-arid with average daily
temperatures ranging from -9.0 to 2.5°C in January and 9.7 to 3 l.7°C in July and average
annual precipitation of 297 .7 mm (Hoare , 2005). The plant community is a near
monoculture of B. tectorum L. Other species present may cover up to 10% ground area.
They are : Ceratocephala testiculata (Crantz) Bess., Lactuca serriola L., Tragopogon
dubius Scop., Sisymbrium altissimum L. , and Salsola tragus L. All species are coldseason annuals except S. tragus, which is a warm-season annual. During this study in
2005 , B. tectorum was physiologically active from February through June and .S.,.
altissimum was active through July in small patches (less than 10% cover) . There were
no physiologically active plants from late August through October.
Soils are classified as coarse loamy , mixed , mesic , Xerollic Calciorthids in the
Declo series (Noe and Kukachka, 1994). While coarse material exists below lm depth in
the form of a basaltic lava flow, surface soils are fine grained silt loam of aeolian origin
and a petro-calcic layer is present 0.5m below the surface. Sand, silt, and clay fractions
were 34, 55, and 11%, respectively, determined by hydrometer method. There was 2.6%
CaCO 3 and 1.83% total carbon and 0.16% total nitrogen in the top 10 cm of soil
determined by a LECO Truspec C/N elemental determinator (LECO Corp., St. Joseph,
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MI, USA) . All soil analyses were done by Utah State University Analytical
Laboratories in Logan, UT, USA.

Environmental measurements
Net radiation was measured with a net radiometer (Kipp & Zonen-NR Lite, Delft,
The Netherlands) mounted on a steel pole 2.0 m above the surface . Soil heat flux plates
(Hukseflux HFP0l, Delft , The Netherlands) measured soil heat flux at 8 cm depth. Two
TCA V thermocouples (Campbell Scientific , Inc., Logan , UT, USA) measured soil
temperature above the Hukseflux plates at 2 and 4 ems depth . Photosynthetically active
radiation (PAR) was measured with a LI-190SA Quantam sensor (Li-Cor , Inc., Lincoln,
NE, USA). A tipping bucket rain gauge (Texas Electronics, Dallas , TX, USA) with a
snow adapter in winter (Campbell Scientific , Inc.) was used to measure precipitation. All
data were recorded with a CR 5000 datalogger (Campbell Scientific , Inc.). Leaf area
index was calculated based on leaf area measurements using the LAI 3100 (LiCor, Inc.)
on grass clipped from inside six 10-cm diameter rings in the field on 11 dates 2-4 weeks
apart throughout the growing season.

Turbulence fluxes of water vapor and CO2
Turbulence fluxes of water vapor and CO 2 were determined using the eddy
covariance method (EC) (Baldocchi , 2003). Wind speed in three dimensions was
measured with a CSAT 3D sonic anemometer-thermometer (Campbell Scientific, Inc.)
and CO2 density of the air was measured with a LI-7500 open-path gas analyzer (Li-Cor ,
Inc.). Each instrument was mounted 2 m above the surface on a steel pole and sampled at
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10 Hz; 30 minute averages were calculated and used for estimating CO2 exchange .
The fetch was 200-350m depending on wind direction. Flux measurements were
corrected by coordinate rotation (Tanner and Thurtell , 1969; Wilczak et al., 2001 ),
density effects (Webb et al., 1980), and various high frequency effects. Data were
screened for precipitation events and low turbulence periods by using a minimum
acceptable turbulence intensity (u*) of 0.2 m s-1 (Myklebust et al., Chapter 2).

Soil respiration

The gradient method of measuring soil respiration (RsoiI)is based on Fick ' s Law
of Diffusivity and refined for soil efflux measurements by Tang et al. (2003, 2005) .

R .
so,/

= D . (,,-e J2.9S* co
a 11
·

77

2air - C0

2soil

6z

(I)

Diffusivity of CO 2 in free air (Dair) was considered constant at 1.47. 10-5 m 2 f 1 (Jones,
1992). The diffusivity coefficient of the soil was based on Moldrop et al. ( 1999) with
modifications from Tan g et al. (2003, 2005). Soil porosity (17)was determined by
77= (Ps - pb) / Ps where Psis densit y of mineral soil assumed to be 2.65 Mg m·3 and Pb is
bulk density of the soil which was 1126.01 kg m·3 and was determined by dividing the
mass of oven dried soil by its volume. Several porosity measurements were taken as the
soil dried from spring to summer because porosity has been shown to change with soil
moisture (Jayawardane and Meyer, 1985). Even though variability in porosity among
samples increased as the soil dried, the mean porosity remained constant at 0.53%. It was
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reasoned that the scale of variability in porosity was smaller than the scale at which
GM measured efflux, therefore, porosity was fixed at 0.53% for all calculations.
Volumetric soil moisture (0v, m 3 m-3)) was measured with a CS616 Soil Moisture
Reflectometer (Campbell Scientific , Inc.) at 5 cm depth and recorded every 30 minutes.
These probes need to be calibrated for some soils (Chandler et al., 2004) , but results from
tests on soil from the site showed that there was good agreement (r2 = 0.95) between
gravimetricall y-determined water content and the CS616 readings across a wide range of
moisture contents. S (unitless) is a component that , multiplied with constant 2.9
(unitless) , accounts for the tortuosity of the soil medium with respect to movement of a
flui,d. It is equal to the sum of sand and silt proportions in the soil (Tang et al., 2005 ) and
was 0.89 in our study. Our tests showed that near -surface concentrations of CO2 (µmol
mor

1)

in the air (CO 2air) varied diurnall y and in respon se to diurnal and synoptic events.

Despite this, the degree of variabili ty rarely had a detectable influence on calculated
efflux compared with calculations in which CO2airwas assumed constant at 380 (µmol
mor

1)

which was the global atmospheric mean in 2005. Because the CO2 concentration

(µmol mor

1)

of the soil (CO 2soii) measurements was more continuous than CO2air

measurements , we opted to keep CO2airat a constant 380 (µmol mor

1)

for all gradient

method calculations to provide more continuous soil efflux data. CO2soi1
was measured
continuously using a GMT222 CO2 probe (Vaisala Inc. , Helsinki , Finland) at 0.05 m
depth (~z) and recorded every 15 minutes on a CR5000 datalogger (Campbell Scientific ,
Inc.). The probe was encased in a PVC pipe to protect it from contact with liquid water
and inserted horizontally in the soil column. Slits were cut on the bottom surface of the
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PVC pipe to allow gas exchange (Turcu et al., 2005). CO2soilreadings were adjusted
for pressure and temperature as described in Tang et al. (2005) when these measurements
were available.

Gross canopy photosynthesis
Gross canopy photosynthesis (Pgross)was estimated from daytime measurements
of NEE by the eddy covariance method and measured Rsoilboth described above.

pgross

= NEE -

(2)

R soil

Daytime NEE measurements were corroborated with surface-based measurements of leaf
gas exchange and calculations from harvest data (both described in chapter 3) and Rsoil
measurements were verified by soil chamber measurements ofrespiration.

The LI-8100

Automated Soil Respiration System measured soil respiration hourly, at one location and
both the LI-6400-09 and LI-8100 survey chambers were used to sample soil respiration at
up to nine locations biweekly during the growing season and monthly for the rest of the
year.

Canopy respiration
Canopy respiration (Rcanopy)
was estimated from known relationships with
biomass and photosynthesis and by direct measurements of leaf gas exchange and leaf
area index (LAI). Maintenance respiration (Rmaint)is known to be constrained between
1.5 and 3% of biomass depending on stress level (Cannell and Thomley, 2000). We
chose 3% because the stress in a natural system is greater than in the cultivated systems
on which much of the known physiological relationships are based. Average biomass (g
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m-2) for the site was measured from eleven harvests throughout the growing season
(approximately biweekly). Each harvest consisted of twelve soil cores measuring 10-cm
diameter by 10-cm depth and clipped above-ground vegetation from six 0.0625 m 2 plots.
Leaf area was measured on fresh green material using the LI-3100 (LiCor, Inc .) and then
oven dried at 70°C for 72 hours and weighed. Daily biomass was estimated by linear
interpolation between harvest dates.
Growth respiration (Rgrowth)was estimated to be 30% of net photos ynthesis for
each day (Pnet)and is constrained among crops (Amthor , 1989). Unfortunately , Pnetcould
not be resolved due to errors involved in measuring NEE at night (Van Gorsel et al. ,
2007 ; Myklebust et al., Chapter 2). Instead, we determined Rmaintand gross
photosynthesis by methods described above and solved for Rgrowthalgebraically .
For
p g,·oss - R ma int - R growth

= P, ,et

(3)

and assuming
0.3 * P,, et

= R growth

(4)

we find that
0.3 (

Rgrowth

= l .3

)

p g,·oss - Rmaint

(5)

Estimates of Rcanopy
were also made by measurements of leaf gas exchange and
LAI. Leaf gas exchange measurements were taken with the LI-6400 Portable
Photosynthesis System (LiCor , Inc.) every 3 hours for a 24-hour period on the same dates
as harvests. Three locations 100 m south , south-west and west from the eddy covariance

86
tower were used to make measurements on three replicate leaves for a total of nine
replicates per sampling period. Data were averaged over the nine replicate measures and
multiplied by mean LAI to estimate canopy gas exchange. Minimum values per 24-hour
period were used to represent instantaneous daily extremes in leaf respiration. LAI was
calculated on harvest data as described above .

Heterotrophic soil respiration
A heterotrophic soil respiration (RH) model was built using a Q 10 temperature
function similar to Jassal et al. (2005) and a soil moisture model developed by Skopp et
al. (1990) :

R
H

= B *[2(T:

0

u

-T op(ir
~a/ )] * min[0.21 * 0v -B ]
10
0.6177 ' 17 v

(6)

The Q 10 function describes the change in microbial activity with every l 0°C
change in soil temperature (Tsoa). Optimal temperature (Topr) for maximum microbial
activity was determined to be 32°C. Although there is evidence that Q 10 can vary
between 1 and 5 with soil temperature and moisture across many sites with both
autotrophic and heterotrophic respiration (Reichstein et al., 2003), there is also evidence
that it varies very little (between 1.7 and 1.9) with temperature within the same site
(Palmer Winkler et al., 1996) . Further evidence shows that it can stay relatively constant
(around 2) between wet and dry periods within the same season (Savage and Davidson,
2003). In this study, there was indication that there was a slight drop in Q 10 from 2.0 to
1.9 as temperatures dropped, but Q 1o of 2.0 best fit the data throughout fall, 2005. The
soil moisture function describes microbial respiration increasing with increasing
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volumetric soil moisture (8v) up to a point, beyond which it decreases as moisture
impedes gas diffusion lowering microbial activity (Skopp et al., 1990). This point has
been shown to correspond to 61 % of porosity (11)in 16 soils of varying texture (Doran et
al., 1988) and has been used successfully in Pumpanen et al. (2003). The model was
parameterized with soil moisture and soil temperature data from fall 2005 when
vegetation was dead. An empirical value (B) of 40 (unitless) was used to scale the model
to the Rsoilmeasurements.

Growing season RHwas estimated by using spring temperature

and moisture input data.

Autotrophic soil respiration
Autotrophic soil respiration (RA) was estimated two ways which are denoted by
different subscripts. One method used the difference between RH and Rsoilin spring, 2005
to calculate RARH,
(7)

RA was also calculated by a proportion of photosynthesis (RAPs). RA is constrained
between 18-50% of photosynthesis in fast growing species (Poorter et al., 1990).
Because B. tectorum has an exponential growth phase and a senescing phase, the
proportion of photosynthate metabolized by the roots should reflect this change in
phenology. During the exponential growth phase, a relatively large portion of
photosynthesis would be used for RA as total root activity increases. During the
senescing phase when root material is reallocated to seeds, a much smaller portion of
photosynthesis should be respired in roots. In our study, RAPs in the exponential growth
phase corresponded to 31 % of photosynthesis and during the senescing phase, it
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corresponded to 15% when it was optimized to fit RARH.Based on the date of peak
measured biomass , the dividing point between the growth and senescing phase was DOY
145. All calculations and modeling was done using Interactive Data Language 6.0
Student Edition software (ITT Visual Information Solutions, Boulder , CO).

Results

Environmental data, LAL soil respiration,
and photosynthesis
Average LAI stayed below 0.5 from day of year (DOY) 57 through 106, increased
to 1.02 by DOY 139 and decreased to zero by DOY 182 (Figure 14a). Rsoilincreased
through DOY 136 to over 10 µmol CO 2 m-2 s-1 and then decreased to about 2 µmol CO 2
m-2 s-1 by DOY 175 (Figure 14b). Absolute values of Pgross increased gradually around
DOY 30 to 136 after which it decreased to a minimum around DOY 180 (Figure 14b).

Canopy respiration
As expected, Rmaintmimicked the pattern of biomass through the season while
Rgrowth
increased with increasing LAI and photosynthetic rate. Rmainttherefore , is not as
responsive to synoptic events as Rgrowth·However, Rmaintis a much smaller portion of
daily photosynthesis (Figure 15a). Calculated and measured Rcanopycorresponded fairly
well although, DOY 139 shows chamber-based measurements ofRcanopyis higher by 4
µmol m-2 s-1 (Figure 15b). This could be explained either by an underestimated LAI
causing an overestimate of chamber-based estimate of Rcanopyor by an inaccurate
assumption in Rgrowtharound this date. The rather small error bars around LAI estimates
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on DOY 139 (Figure 14) give us confidence in our estimate of chamber-based Rcanopy·
In contrast, physiological changes corresponding to plant phenology around the same
and therefore, calculated Rcanopy·
Rgrowth
may be
date reduce our confidence in Rgrowth
underestimated because respiration associated with the reallocation of nutrients and
manufacture of seeds during this period may be greater than 0.3 *Pnet·

Heterotrophic soil respiration: RH model
There was good correspondence between temperature- and moisture-driven RH
model and measured non-growing season soil efflux measurements (Figure 16). This
occurred even though there was spatial variability in soil respiration at the site and
measurements of soil respiration that were spatially separated from model input
measurements of soil temperature and moisture. Efflux magnitude agreed with the
gradient measurement for both August and October (when the two extremes in
temperature and moisture availability occurred in the non-growing season), but modeled
amplitude tended to be greater although not always (Figure 16). The gradient method
tends to dampen diurnal amplitudes relative to chamber-based measurements (LI-8100)
because it does not detect near surface processe s effecting CO2 fluxes . Conversely, the
chamber produced amplitudes that were unrealisticall y high because it failed to
accurately measure very low fluxes at the set flow rate used in our measurements (Figure
17). Parameters for the model were therefore chosen such that amplitudes were between
the gradient and chamber measurements. Rain events caused large fluctuation in
measured and modeled soil respiration fluxes because both rely on predictable profiles of
CO2, moisture and temperature in the soil. These profiles are not easily predicted during
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rain events; therefore , neither modeled nor measured soil efflux is reliable during these
periods.

Autotrophic soil respiration: estimate of RA
Estimated RH from the model (eq . 6) was subtracted from growing season (spring)
Rsoilto estimate RARH,Rsoilgenerally increases through the growing season with peak
activity around DOY 165 (Figure 18). The magnitude of modeled RH at either end of the
season is only slightly lower than Rsoilbut they diverge during the middle portion of the
growing season and RARHdominates Rsoilduring this period . This is expected because as
photosynthesis increases , RA should also increase during the peak of the growing season.
Modeled RH mimicked diurnal fluctuations in Rsoilbut the amplitude was smaller
meaning RARHalso influenced amplitude . This would also be expected because the
magnitudes of RH and RA respond to diurnal changes in temperature, but only RA
responds to daily photosynthesis.
RA was also calculated to as a proportion of photosynthesis (RAPs). On average,
RAPsis lower than RARHby 20% (R2 = 0.31) (Figure 19a). This may indicate that
modeled RH is slightly low. However , many of the very low RARHand associated
moderate RAPsvalues correspond to periods near rain events which may have caused
measurement error in Rsoil· And while RAPsand RARHmatch fairly consistently outside of
rain periods, RAPsis generally lower than RARHduring the middle portion of the growing
season (DOY 120 to 142) (Figure 19b). This may indicate that there exists an
intermediate phenological stage where roots take up a lower proportion of gross
photosynthesis than in the growth phase (estimated at 34%) but still higher than in the
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senescent stage (15%). RAPsgenerally has larger diurnal amplitudes suggesting RARH
amplitudes are too low. This, in tum, means that the

RH

model should have lower

amplitudes, which translates to a less sensitive temperature response or scaling
coefficient.
When all sources of plant respiration are combined
signal through the growing season than

RH

(Figure 20a).

(Rpiant),

Rplant

it shows a much larger

maxima correspond to air

temperatures between 5- l 5°C and spikes in soil moisture following rain events (Figure
20b,c). The largest peak in

Rplant

(DOY 136) is earlier than

RH

maximum (DOY 163)

indicating that B. tectorum has a lower temperature optimum than soil microbes. This
low temperature optimum for B. tectorum is supported in Link et al. (1995).
P gross are fairly symmetrical although

Rplant

Rp1ant

and

is slightly skewed toward end of season

(Figure 20a). This indicates that B. tectorum uses most photosynthate soon after
assimilation, but that there appears to be some storage and subsequent use for seed-set
late in the season.

Discussion

Soil moisture and temperature are the two main controls on heterotrophic soil
respiration in semi-arid systems (Conant et al., 2004). This is consistent with our model
of RH in which soil moisture and temperature explain the variability in RsoiI for the nongrowing season (Figure 16). Substrate availability is also known to control heterotrophic
soil respiration (Chapin et al., 2002) and in semi-arid systems, it limits the effect of
moisture and temperature on soil respiration (Conant et al., 2004). We assumed that
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substrate availability was constant in this study because B. tectorum has a relatively
high silica concentration making decomposition slow (Bovey et al., 1961). B. tectorum
roots have been known to persist greater than 200 days in a similar climate (Peek et al.,
2005) and we observed a persistent layer of leaf litter at the site, which supported our
assumption of slow decomposition and constant substrate supply. Variation in substrate
quality with time also causes respiration rates to change (Dorrepaal et al., 2005).
Because litter from annual grass should be fairly uniform in quality due to its relatively
simple structure, it was expected that decomposition rates were constant at this site when
moisture and temperature effects were removed. Consequently , if substrate quantity and
quality were constant, we would expect a consistent relationship between the model and
R soil·

Our results show consistent agreement between the model and

Rsoil

through the 3-

month fall period in which both soil moisture and temperature varied substantially
(Figure 16).
To apply the RH model to spring requires the assumption that substrate
availability is similar in spring and fall and that it is approximately constant through
spring. Because measured soil respiration is minimal in winter (Myklebust et al., Chapter
2), substrate availability should be similar in late fall and early spring. A replenishment
of substrate supply is expected with root turnover and exudates of growing B. tectorum
through the later part of spring, however, we cannot say that the amount of substrate is
constant. This is the main the source of uncertainty in RH and RARHestimates.
Ratios of RA to total

Rsoil

fit within the reported 10 - 90% range for many

vegetation types (Hanson et al., 2000). This large range indicates that the ratio of RA to
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total soil respiration is not a good measure to partition soil respiration. Because RA
and RH dynamics are decoupled in time (Davidson et al., 2006), the ratio of RAto Rsoilis
expected to vary with time. RA and photosynthesis, however, seem to be more tightly
related because it is expected that fast growing plants will have RAto photosynthesis
ratios constrained between 18 and 50% (Poorter et al., 1990). Our data indicate that there
were at least two distinct life phases that affected the relationship between root
respiration and photosynthesis. During the exponential growth phase of B. tectorum,
roots were likely foraging for resources that contributed to growth and therefore , a large
amount (34%) of photosynthate was directed to root respiration. During seed set, much
of the resources within the plant were likely put into seeds and less photosynthate (15%)
was directed to root respiration during this stage (Figure 18b). There was a transition
phase between these two stages indicated by RAPsbeing greater than RARH(Figure 18b)
that we did not account for in this study but with more phenological detail , could be
incorporated. The range (15-34%) is approximately within the expected
RA/photosynthesis ratios for a fast growing species although may be shifted slightly low
compared to 18-50 found by Poorter et al. (1990). This suggests that the RH model gave
a reasonable estimation , although biased slightly high, of actual RH at the site during the
growing season. If the RH model was biased high, it would be consistent with slightly
lower substrate availability in spring than in fall.
Fluxes in this study are quantified through time with various approaches and any
one value is not dependent only on one approach. Each flux in this system is constrained
by other fluxes via measurement or known physiological relation ship and result in a
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solution in which all fluxes agree with measurement and theory. This indicates that we
have consistent and likely relatively accurate estimates of fluxes and dynamics
throughout the growing season. It also shows that current technology and basic
physiological relationships are sufficient to partition fluxes in a simple vegetation system.
The resolution of flux estimates, however, is not high. One source of uncertainty is the
exact partitioning of Rsoil and another is the generic

Rcanopy

estimates used were not as

sophisticated as they could have been had we used more species specific physiological
parameters and phenology through the season (Cannell and Thornley, 2000).
However, at the level of precision presented , the partitioned fluxes give some
insight into how the system responds to the environment. Typically, soil moisture is
recharged over winter and the B. tectorum growing season corresponds to the first three
to four months of the dry-down phase when its temperature optimum for growth and
ambient temperatures are similar. B. tectorum is physiologically limited by low
temperatures early in the growing season, is unconstrained between 3.5 and 15°C, and
senescence is correlated with high temperatures (Uresk et al., 1979). Our data supports
this (Figure 20a,b). In contrast , RH increases with increasing temperature and is limited
by high and low moisture. This explains why the maximum RH is later in the season than
Rpiant·

For this region, one of the climate change scenarios is warmer temperatures and

more variable precipitation but similar annual totals (Mearns, 2003; Wagner, 2003). If
precipitation was largely unchanged in distribution, longer periods of warmer
temperatures would result in an increase in RH because available soil moisture would
correspond to a longer time period with higher temperatures. However , the plant
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community would likely respond with a shift in dominance to species with a higher
temperature optimum. This would likely counteract the RH increase and as a result, NEE
may stay the same.
In this study , we showed that current technology and basic physiological
relationships are sufficient to fully partition the main CO2 fluxes in a simple ecosystem.
This provided some insight into how the system responds to temperature and moisture.
To improve the ability to quantify fluxes in various climate change scenarios, a greater
amount of species specific physiology and phenology must be incorporated in
calculations. A mechanistic RA model may then be developed and fully coupled landatmosphere models can be made for the system.
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Figure 17 Soil respiration measured by automated soil respiration chamber (open
circles and thin line) and the gradient method (solid thick line) for nine days in nongrowing season of 2005.
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CHAPTERS
CONCLUSION

Net ecosystem exchange of CO 2 (NEE) has been difficult to quantify because
different measurement techniques produce different estimates. This prevents progress in
the development of mechanistic models describing ecosystem response to changes in
climate. The source of measurement discrepancy is difficult to identify because of large
measurement uncertainties and the complexity of most ecosystems. This project
estimated NEE in an ecosystem chosen to maximize measurement precision. An
extraordinarily homogenous Bromus tectorum dominated community was used to
estimate NEE by eddy covariance , and by measuring photosynthesis and soil respiration
independently. The estimates were compared and eddy covariance was found to
underestimate NEE at night relative to surface-based measurements and the
underestimate depended on LAI. The mechanism for this underestimate was not revealed
in this study however and remains a puzzle.
Results also showed that with current technology and information in literature,
our ability to estimate and partition NEE is quite good and a generic approach for
measuring CO 2 flux can be suggested. Continuous measurement of soil respiration is
best accomplished with multiple gradient method systems and at least one automated
chamber. This arrangement is economica l, relativel y low maintenance and thorou gh .
Soil moisture and temperature measurements are used in the gradient method and
therefore , also need to be measured in several locations and with high quality
instrumentation. Photosynthesis can be calculated on a continuous basis using eddy
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covariance measurements of NEE and soil respiration measurements. This is
preferable to infrequent periodic measurements by the chamber method or averages over
time by the harvest method because of the higher resolution. Canopy respiration was
calculated based on known relationships found in agricultural literature. This was
reasonable in this study because being an annual, B. tectorum is physiologically very
similar to C3 grain crops. In perennial systems, canopy respiration can be calculated using
species specific physiological parameters (Cannell and Thornley, 2000). Although not
used in this project, a series of atmospheric CO 2 concentration measurements from near
the surface to the top of the canopy would be very useful to estimate the amount CO2
storage in the canopy air at night. The most difficult estimates involve the partitioning of
microbial and root respiration. There may not be one method that will work for all
ecosystems but knowledge of the system under study and some creativity seem to be how
others have made headway with this problem (Irvine et al., 2005; Tang and Baldocchi ,
2005). This study showed that by estimating microbial and root respiration from
different approaches, more confidence in the solution may be found .
Using partitioned fluxes , some insights into general ecosystem responses to
moisture and temperature could be seen. The dominant plant species, B. tectorum has a
lower temperature optimum than the microbial community indicating temperature
changes related to global warming may cause changes in NEE. However, there are
several minor species found in the B. tectorum dominated community that apparently
have different temperature optima given the timing of their physiologically activity.
Ceratocephala testiculata (Crantz) Bess. emerges early in spring , Lactuca serriola L. and
Tragopogon dubius Scop., emerges during middle and late spring, Sisymbrium
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altissimum L. emerges during late spring and early summer, and Salsola tragus L.
emerges during late summer. Temperatures during the growing season range from
daytime highs of about 4-35°C. This wide range of temperatures covers nearly the entire
range of temperatures that plant species can grow (0-42°C) and highlights how well
adapted the community is to the climate. Therefore , if the timing of soil moisture
availability for plants is shifted relative to the temperature regime (as might occur under
climate change) , the plant community might simply adjust by shifting species dominance.
This may act to buffer the system and limit ecologically significant changes in NEE.
This project quantified and partitioned fluxes of CO 2 for a B. tectorum dominated
plant community. In addition , heterotrophic soil respiration was modeled . A next step
would be to model whole-plant gas exchange of both CO2 and H20 and combine it with
the heterotrophic soil respiration model. This would result in a fully coupled landatmosphere model that could be used to explore predictions of community response to
climate change. Predictions of land-atmosphere interactions to climate change requires
research into how current plant communities function and what are their ranges of
tolerance to changes in the physical environment.

What physical and physiological

mechanisms are responsible for maintaining the integrity of a plant community? What
types and magnitude of changes in the physical environment can it tolerate or survive?
What is the spatial extent and magnitude of H20 and CO2 flux from a plant community
that is necessary to affect local , regional or continental climate ?
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